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 General Introduction 
General Introduction 
 
The interest for metallic nanostructures has experienced an exponential 
development during the past decades due to their unusual properties, given they are 
situated at the boundary between molecular species and bulk metals.1–4 Thus, they are 
promising candidates for applications in different areas among which one can cite 
catalysis, magnetism, medicine, electronics or sensors.1,4 A good control over the 
characteristics of nanostructures is essential since their physical and chemical properties 
depend strongly on their size, shape and surface state.3,5,6 Different synthesis methods 
such as chemical reduction, thermolysis, photochemical decomposition, electroreduction, 
microwave and sonochemical irradiation have been attempted up to date by the scientific 
community all around the world in order to prepare well-defined nanostructures.4,7 
Among them, the organometallic approach, a synthesis procedure that consists of 
removing the ligands from an organometallic complex in the mildest possible conditions 
and with the minimum of potentially pollutant reactants, has emerged as an efficient and 
powerful method.8–11 It allows the preparation of a large variety of nano-objects of 
diverse elements with a clean and controllable metal surface which is of interest to have 
good and tunable physical and chemical properties. 
More specifically, this work describes the preparation of rhenium based mono- 
and bi-metallic nanoparticles by organometallic approach, their characterization including 
surface reactivity studies and their preliminary application in catalysis. Initially, our 
objective was to develop rhenium based bimetallic nanostructures in order to use them in 
the hydrogenation of difficult functional groups such as amides. Rhenium is known in the 
literature to induce a positive contribution in terms of catalytic activity and selectivity in 
the hydrogenation of difficult functional groups such as carboxylic acids and amides by 
reducing the binding energy of CO to the co-metal under mild reaction conditions.12 
Therefore, there has been an increasing number of papers and citations on rhenium based 
bimetallic catalyst systems in the last 20 years.  
While the first difficulty of this study was the lack of information on pure rhenium 
nanoparticles in the literature, the second one was to find an appropriate rhenium 
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organometallic precursor to act as an efficient rhenium source. In particular, the precursor 
has to be decomposed properly under conditions as mild as possible to obtain “naked” 
and well-defined nanostructures. 
The first results were obtained with bimetallic nanoparticles formed by either co-
decomposition or two-steps decomposition of [Ru(COD)(COT)] and [Re2(CO)10] in 
anisole (150 oC; 3 bar H2) in the presence of polyvinylpyrrolidone or hexadecylamine as 
stabilizing agents. Although these nanoparticles showed a narrow size distribution and a 
good crystallinity, the content of rhenium in the nanoparticles remained limited since total 
decomposition of [Re2(CO)10] could not be achieved. More importantly, the unreacted 
[Re2(CO)10] could not be separated from the nanoparticles by purification which resulted 
in low catalytic activity in the hydrogenation of N-methylpyrrolidone. 
Given the difficulties met using [Re2(CO)10] as rhenium source, another rhenium 
precursor was envisaged, namely dirheniumtetraally(II), [Re2(C3H5)4]. This complex was 
synthesized according to a slightly modified published procedure13 and evaluated to 
synthesize first pure rhenium nanoparticles and then rhenium-based ruthenium and 
platinum bimetallic systems. This precursor totally decomposed in mild conditions and 
allowed us to produce monodisperse rhenium nanoparticles in a reproducible manner. The 
obtained nanoparticles were precisely characterized by using complementary analysis 
techniques such as WAXS, EXAFS, XPS, TEM, HRTEM, STEM-EDX, STEM-HAADF, 
NMR, FT-IR, EA and performing surface reactivity studies (norbornene hydrogenation, 
oxidation and CO adsorption reactions). A preliminary evaluation of their interest in 
catalysis was carried out namely in the hydrogenation reaction of amides. 
This study was performed at the “Laboratoire de Chimie de Coordination du 
CNRS” in Toulouse, France, in the team “Nanostructures et Chimie Organométallique” 
and under the co-supervision of B. Chaudret and K. Philippot. It was realized in the 
framework of FP7-NMP2-Large Program Project (Synflow 2010-246461). The 
dissertation is composed of six chapters. 
The first chapter gives general information on metallic nanoparticles. The 
properties of metal nanoparticles, their mechanism of formation and stabilization methods 
are presented as well as the synthesis protocols, particularly the organometallic approach, 
and potential organometallic complexes as precursors. Then, application of metal 
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nanoparticles in catalysis and the importance of catalytic hydrogenation of amides are 
discussed. Moreover, the homogeneous and heterogeneous catalysts used in 
hydrogenation of amides and the importance of rhenium in this domain are given in 
detail. In the last part, information on the properties of rhenium and its carbonyl and 
hydride complexes are presented.  
In Chapter II, ruthenium-rhenium bimetallic nanoparticles synthesized from 
[Ru(COD)(COT)] and [Re2(CO)10] precursors in the presence of polyvinylpyrrolidone or 
hexadecylamine as stabilizing agents, their characterization and preliminary results in the 
catalytic hydrogenation of N-methylpyrrolidone are described.  
The synthesis of pure rhenium nanoparticles from [Re2(C3H5)4] organometallic 
complex, the influence of reaction parameters on the morphology of the so-obtained 
nanoparticles and surface reactivity studies followed by FT-IR and MAS NMR are 
reported in Chapter III.  
Chapter IV is dedicated to rhenium-based bimetallic nanoparticles (Ru, Pt) 
prepared by using [Re2(C3H5)4] as rhenium source. Different reaction conditions 
depending on the organometallic complexes used as precursors resulted in modification 
of the morphology of nanoparticles, as evidenced by using a combination of 
complementary characterization techniques and surface reactivity studies. 
General remarks, conclusions and perspectives of the present work are given in 
Chapter V. 
Finally, experimental part is given as the last chapter of this manuscript. 
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CHAPTER I Introduction to Transition Metal Nanoparticles 
1.1 Transition Metal Nanoparticles: General Properties and 
Applications 
Over the two last decades, nanoscience and nanotechnology, which deal primarily 
with the synthesis, characterization, and exploration of nanostructured materials, have 
become a popular field of research.3,4,7,14 With a situation somewhere between the bulk 
solid and molecular state, metal particles in the nanoscale regime show unique properties 
with a size ranging from 1 to 100 nm.3,5,6 Metal nanoparticles do not follow classical 
physical laws as bulk materials do. They exhibit so-called ‘‘nano-effects’’ when reaching 
a critical size. For instance, the melting point of a solid element or a chemical compound 
in the classical sense is a constant under distinct conditions whereas this is not the case 
for nanoparticles. The melting point of bulk gold is known to be 1064 0C. However, gold 
nanoparticles below ca. 20 nm in diameter begin slowly to melt at lower temperatures and 
the melting point then dramatically falls down at a size of ca. 3–4 nm.16 This 
phenomenon can simply be explained as while the particles are getting smaller, the 
percentage of surface atoms becomes higher. Since these surface atoms are less 
coordinated than inner atoms, they are more easily mobilized with increasing 
temperatures which results in lower melting points.16,17 
 Reducing the size of a metal also affects its color drastically. For example, the 
color of bulk gold is yellow; but if gold is downsized to ca. 50 nm, the yellow color 
spontaneously disappears and turns to blue and further reduction leads to purple and 
finally bright red colors.17 This color change is a consequence of the appearance of 
plasmon resonances. Plasmon resonances, quantitatively described by the Mie theory,18 
are caused by the interaction of light with the confined electron gas in such small 
particles, resulting in a collective electron oscillation. The frequency of this oscillation 
depends on the metal, the size of the corresponding particles, their shape and the 
surrounding medium.  
The unique material properties in the nanoscale size range come mainly from two 
sources:  
i. Quantum size effect:17,19 The electronic situation in bulk metals is characterized by 
the existence of energy bands. The valence band contains the relevant valence 
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electrons that are in case of transition metals usually s- and d- electrons. The 
conduction band of metals overlaps to some extent with the valence band and so 
becomes partially occupied with electrons which are responsible for the electric 
conductivity of metals. In contrast with the electrons in a filled band, those in the 
conduction band are fully mobile and make conductivity possible. In 
semiconductors, valence and conduction bands are separated by a specific energy 
gap, which is too large in insulators. If a metal particle is continuously reduced in 
size, the overlap of valence band and conduction band is vanishing similar to a 
semiconductor. Further reduction will end up in a situation where the bands turn 
into more or less discrete energy levels. At this step, the metal bulk properties 
disappear to be substituted to that of a ‘‘quantum dot’’, following quantum 
mechanical rules. Such evolution can end up in the formation of a typical 
molecular situation as in molecules (Figure 1.1). Such confinement of charge 
carriers in a small space leading to discrete energy levels is called “quantum size 
effect” and results in change of the electronic properties of metals in 
nanoparticles. 
 
 
Figure 1.1 Formation of discrete electronic energy levels on the way from metal bulk to molecule.17 
 
ii. Surface/interface effect: The properties of surface or interface atoms become much 
more significant, as the surface to volume ratio increases with decreasing of 
particle size. Due to their high surface-to-volume ratio compared to bulk catalytic 
materials, transition metal nanoparticles display a higher number of potential 
active sites which makes them very attractive as catalysts. Moreover, with their 
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different possible shapes, metal nanoparticles may present different 
crystallographic facets and fraction of surface atoms on their corners and edges, 
which makes them appealing for different catalytic applications, in particular for 
selectivity concerns.5,20  
 Due to their unique properties mentioned above, besides catalysis, metal 
nanoparticles have many potential uses7,21 such as in optoelectronics, conductors, sensors 
or biomedicine area.4,22–24 Catalysis can be highlighted as it is the key for the 
development of starting chemicals, fine chemicals and drugs from raw materials. In the 
modern catalysis, nanocatalysis is recognized as a whole discipline since well-controlled 
nanoparticles can display ensemble of advantages from both heterogeneous and 
homogeneous catalysts.24 
It should be noted that in the literature, nanomaterials are named in different 
manners such as nanocrystals, nanoparticles, nanoclusters and colloids.15 Although 
different sources refer to different nanomaterial names, the term ‘nanoparticles’ will be 
used throughout this dissertation to denote any type of metallic species with a size 
between 1 and 100 nm in order to avoid semantic problems. 
1.2 Mechanism of Nanoparticle Formation  
Starting with LaMer25 who worked on the formation of sulfur sols, many valuable 
scientists26 proposed a mechanism for the stepwise formation of nanoclusters. However, 
most accepted mechanisms have been provided by LaMer, Turkevich and Finke.27,28 
In 1950s, LaMer25,26 described the formation of sulfur sols from the 
decomposition of sodium thiosulfate in hydrochloric acid. This widely cited mechanism 
(Scheme 1.1) assumes that homogeneous nucleation occurs until a nucleus of critical size 
is obtained.  
 
Scheme 1.1 LaMer’s Mechanism consisting of nucleation followed by diffusive, agglomerative 
Growth (S : Sulfur).26 
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In accordance with statistical mechanics cited by LaMer, the energy barrier to nucleation 
can only be surmounted in supersaturated solutions (Figure 1.2). At this point, “self/burst 
nucleation” occurs. The burst nucleation immediately lowers the supersaturation level of 
monomers in solution; thus, nucleation stops and growth starts by diffusion of atoms. The 
LaMer mechanism predicts that the separation of nucleation and growth in time is 
required for the formation of a near monodisperse size distribution, which is accepted by 
the scientists today. Although LaMer’s mechanism is feasible for supersaturated systems, 
it does not explain how the transition metal nanoclusters nucleate and grow from dilute 
solutions.28 
 
 
Figure 1.2 The LaMer mechanism of nucleation of sulfur. The (theoretical) curve shows sulfur 
concentration as a function of time.28 
 
Shortly after LaMer’s work, Turkevich and co-workers29 proposed a mechanism 
for the stepwise formation of particles based on nucleation, growth, and agglomeration 
thanks to studies on colloidal gold using electron microscopy. 
In 1997, a most significant contribution to the understanding of mechanistic 
aspects of a metal salt reduction was made by Finke and Watzky26 who reported a 
two-step mechanism (slow, continous nucleation and then fast autocatalytic growth). 
Then, a more general mechanism30,31 (four-step, double autocatalytic mechanism) for 
transition metal nanocluster formation has been described which includes nanocluster 
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agglomeration, adding a third bimolecular agglomeration step followed by fourth, 
autocatalytic agglomeration step.   
Under the lights of proposed mechanisms, the general mechanistic formation of 
metal nanoparticles can be summarized and simplified on three steps that are nucleation, 
growth and agglomeration (Figure 1.3). However, it should be noted that for metal 
particles, nucleation is the result of a complicated interplay of factors such as the 
difference between the redox potentials of the metal salt and the reducing agent, and the 
reaction conditions including the rate of addition, the reaction temperature, and even the 
stirring rate.27,28 Therefore, deep mechanistic studies are necessary to give a more 
complete and more general picture of what happens during nanoparticle nucleation and 
growth processes.  
 
 
Figure 1.3 Formation of nanostructured metal colloids by the ‘‘salt reduction” method.32 
 
As shown in Figure 1.3, the nucleation step starts with the reduction of the metal 
salt to zerovalent metal atoms. These atoms collide in solution with other metal(0) atoms 
or with sub-clusters already formed to give a stable ‘seed’ nucleus of 13 metal atoms.27 
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This is the first member of the so-called full-shell cluster family (see section 1.2.1) and its 
formation is irreversible. To initiate nucleation, the concentration of metal atoms in 
solution must be high enough to reach supersaturation. After nucleation, the autocatalytic 
surface growth starts to occur. If the growth period is almost the same for all the particles, 
a monodisperse sample will be obtained. However, if nucleation and growth do overlap, 
then the duration of the growth period will differ between nucleation sites and the 
growing particles tend to undergo ‘‘Ostwald ripening’’,33 diffusion of adatoms around 
small clusters to the environment of large clusters due to a difference of the two-
dimensional gas atom density around clusters, or coalescence, an undesired mechanism 
that causes polydispersity. The growth period has to be stopped since some time later, the 
nanoparticles start to coagulate and eventually form aggregated bulk metal. Therefore, in 
order to gain high-quality nanoparticles, the passivation of the metallic surface by adding 
a stabilizer is essential (vide infra, Section 1.3). Surface passivation helps to achieve size 
selectivity by preventing agglomeration and fusing of particles. 
1.2.1 “Magic Number” Clusters and Morphology of Metal Nanoparticles 
In general, aggregates of atoms are classified into clusters (< 2 nm; two to several 
hundreds atoms) and particles (2-100 nm). The structure of clusters is determined by the 
number of atoms and their bonding. Magic numbers and sequences in cluster formation 
are intimately related to the nucleation and growth processes, which are governed by the 
often competing bonding and packing factors.33–35 While these processes may be 
kinetically or thermodynamically controlled, and hence sensitive to experimental 
conditions, the fact that bonding effects are electronic in origin and packing factors are 
steric in nature implies that magic sequences result from successive fillings of electronic 
or atomic shells, respectively.34 
Magic numbers describe the packing of atoms around a central atom of a cluster 
with a maximum stability and a minimum energy. Therefore, “magic number” clusters 
possess high ionization potentials, low electron affinity, high symmetry and reduced 
reactivity, high melting points and large highest occupied molecular orbital–lowest 
unoccupied molecular orbital (HOMO-LUMO) gaps as compared to clusters with one 
atom more or one atom less. 33 
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Magic number cluster model describes a cluster with a central atom with closed 
shells as a close-packed structure. The radius (R) of a metal droplet can be written as 
follows33: 
R = rws x N
1/3 
where N is the number of atoms in the droplet and rws is the Wigner-Seitz radius of the 
element under consideration. The Wigner-Seitz radius is the radius of a sphere whose 
volume is equal to the mean volume per atom in the solid.36 For a general cubic crystal 
with j atoms in each unit cell and lattice constant a, the following relations can be written: 
 
Where, for a simple cubic (sc) structure j=1, for body-centered cubic (bcc) j=2 and for 
face-centered cubic (fcc) j= 4.33  
With this expression the number of atoms present in a nanocluster can be calculated from 
its size (or vice versa). For instance, the size of platinum (fcc metal, a = 0.392 nm) 
clusters consisting of 10, 55, 100 and 1000 atoms can be calculated from the formula 
(R=rws x N
1/3) as ~ 0.33, 0.58, 0.71 and 1.53 nm, respectively.33 
After calculating the overall atom number in a nanocluster, one can also calculate 
the number of atoms in each shell of the cluster.35 Each shell in a cubic (bcc) or 
hexagonal (hcp) close packed structure contains 10n2 + 2 atoms (n = number of shells). 
Thus, for example, the clusters with n=1 and n=2 contain 12 and 42 atoms in their outer 
shell and consequentlu a total number of 13 and 55 atoms, respectively. The total number 
of atoms (N) in a cluster that forms cuboctahedron or icosahedron can be calculated with 
the expression35: 
N(n) = N(n-1) + 10n
2 + 2, where N(o) = 1 (central atom) and n (number of shells) > 1 
These atoms can orientate in different structures (Figure 1.4) and their 
morphologies will depend on many factors among which the most important are: the 
method of production, the growth kinetics, the time scale of the synthesis reaction.33,34  
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Figure 1.4 Schematic representation of (A) cuboctahedral and (B) Icosahedral Mackay magic 
clusters.33 (n) and N represent number of shells and total number of atoms, respectively. 
1.3 Stabilization of Metal Nanoparticles 
Since the surface areas of metal nanoclusters are enormous relative to their 
masses, they have an excess surface free energy comparable to the lattice energy, making 
them thermodynamically unstable.14,27 At short interparticle distances, two particles 
would be attracted to each other by van der Waals forces and, in the absence of any 
repulsive forces to counteract this attraction, an unprotected sol would coagulate. 
Therefore, they have to be stabilized in a certain extent against aggregation into larger 
particles and eventually to bulk metal. In the literature,4,14,15,27 the stabilization of metal 
nanoparticles is generally divided into five categories namely; electrostatic, steric, 
electrosteric, ligand stabilization and deposition on supported materials.  
Electrostatic Stabilization: DLVO (Derjaugin-Landau-Verwey-Overbeek) theory was 
developed in the 1940’s to describe how colloids are stabilized.37 DLVO-type 
stabilization is commonly referred as electrostatic stabilization since it relies on anions 
adsorbed to the coordinatively unsaturated, electrophilic surface of colloids to create 
columbic repulsion between particles. The electrostatic repulsion opposes van der Waals 
attractions which thus prevents particle agglomeration. Ionic compounds such as halides 
or carboxylates14,38 are often used to achieve electrostatic stabilization (Figure 1.5 a). A 
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dispersion of metal clusters that are only stabilized electrostatically can, however, 
coagulate easily if the ionic strength of the dispersing medium is increased sufficiently for 
the double layer to become compressed. The level of stabilization can be influenced by 
altering the total charge on the metal cluster surface or the polarity of the solvent.19,27 
Steric Stabilization: Steric stabilization is achieved by surrounding the metal core by 
layers of materials that are sterically bulky such as polymers or dendrimers 
(Figure 1.5 b-d). These large adsorbates provide a steric barrier between metal 
nanoparticles, thus preventing agglomeration.  
 
 
Figure 1.5 Schematic representation of (a) electrostatically (b-d) sterically, and (e) electrosterically 
stabilized metal nanoparticles. Two possible polymeric stabilization modes are shown with individual (c) or 
multiple (d) polymer chains.4 
 
Electrosteric Stabilization: Here, the combination of both electrostatic and steric effects 
provides stabilization around metal nanoparticles like in the case of polyoxoanion39 and 
tetraammoniumalkyl halide40,41 stabilized nanoclusters (Figure 1.5 e).  
Ligand Stabilization: The predominantly covalent interactions between ligand molecules 
and nanoparticle surface usually stabilize the particles to such an extent that they may be 
isolated in solid state, without aggregation. Thiols, phosphines and amines which contain 
S, P, N donor atoms, respectively are commonly used as ligands to stabilize metal 
nanoparticles.11 
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Stabilization on Solid Supports: The deposition of nanoparticles in the confined void 
spaces of classical solid supports such as metal oxides, carbonaceous materials, zeolites 
or metal organic frameworks is another extensive way to prevent their aggregation.42,43  
1.4 Synthesis of Metal Nanoparticles 
Nanostructured metal colloids can be obtained following two approaches: 
top-down and bottom-up methods.1,32,15 The top-down method involves the thermal, 
chemical or mechanical grinding of bulk metals and subsequent stabilization of the 
resulting nano-sized metal particles by adding protecting agents. However, the top-down 
approach suffers from broad particle size distributions (typically larger than 10 nm) and 
irreproducibility. The more common and practical bottom-up approach involves first the 
generation of metal atoms and then the nucleation and growth to a certain size. At this 
concern, the bottom-up approach provides more convenient ways to control the size of the 
particles. It includes four main synthetic methods: chemical reduction of transition metal 
complexes,44–46 thermal, photochemical or sonochemical decomposition,47–49 
decomposition of organometallics,11,50 and electrochemical reduction.51 
Today, the key goal in the chemistry of transition metal nanoparticles is the 
development of reproducible and controllable synthesis tools for the achievement of 
nanoparticles that are well-defined in size, shape and composition. This is of particular 
importance as the properties of metal nanoparticles are drastically influenced by their 
size, shape and composition.3,5,6 At this concern, the organometallic approach8,11 which 
has been developed by Chaudret and Philippot et. al. for more than 20 years, provides an 
efficient way for the synthesis of metal nanoparticles with a high control. The next 
section will be devoted to the organometallic synthesis of metal nanoparticles as applied 
in the team. It will cover the general methodology, recent developments and choice of 
organometallic precursors. 
1.4.1 Organometallic Approach for the Synthesis of Nanoparticles 
Organometallic complexes associate one or several metal atoms with carbon 
containing fragments. The metal-carbon bond can be a σ-bond (metal-alkyl), π-bond 
(metal-olefin/arene) or a combination of both (allyl, cyclopentadienyl etc.).9  Several 
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teams have explored the advantages of organometallic chemistry for the synthesis of 
metal nanoparticles by following different decomposition ways such as thermolysis, 
sonolysis and photolysis.11,50 The first examples of the reactivity of organometallic 
complexes versus reducing gases were reported by Pleass et al.,52 who described the 
production of nickel nanopowders by reduction of nickelocene by dihydrogen for 
catalysis. In the early nineties, inspired by the work of Bradley et al.,53 concerning 
clusters and colloids in solution, Chaudret and co-workers started to develop the synthesis 
of metal nanoparticles using the concepts and tools of organometallic chemistry, first in 
close collaboration with J. S. Bradley.54–57 This organometallic approach derives from a 
previous method applied by Chaudret et al. to prepare hydrogen rich complexes such as 
[RuH2(H2)2(PCy3)2].
58 This complex was originally synthesized at room temperature by 
bubbling dihydrogen into a solution containing a ruthenium precursor, [Ru(COD)(COT)] 
(COD = 1,5-cyclooctadiene, COT = 1,3,5-cyclooctatriene), and two molar equivalents of 
a bulky phosphine.58 It was noticed that in the absence of any ligand, the solution turned 
to black and finally a black solid of bulk ruthenium precipitated. Fascinated by the work 
of Schmid59 and of Bradley,60 the controlled decomposition of [Ru(COD)(COT)] was 
attempted in the presence of substoichiometric amounts of different stabilizers. Following 
this technique, various polymer- and ligand- stabilized ruthenium NPs have been 
prepared.61,62 Afterwards, this approach was extended to different metals, as well as to the 
synthesis of metal oxide NPs.10,11  
The nanoparticle synthesis by organometallic approach consists in removing the 
ligands from an organometallic complex in the mildest possible conditions (room 
temperature or below, low gas pressure) and with the minimum of potentially pollutant 
reactants (Scheme 1.2).8 The organometallic complexes are decomposed in solution 
taking advantage of simple organometallic reactions such as breaking of metal–carbon 
bonds and hydrogenolysis or displacement of ligands which can take place in mild 
conditions of temperature and pressure. The ideal precursors are organometallic 
complexes that contain preferentially alkyl groups, olefins or polyolefins, able either to be 
hydrogenated to give a bare metal atom or to be substituted by CO to give an unstable 
intermediate complex. 
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Scheme 1.2 Schematic representation of the synthesis of metal nanoparticles from an organometallic 
precursor. 
 
The advantages of the organometallic approach to synthesize metal nanoparticles 
lie in the precise control of: 
i) the reaction conditions and therefore of the surface of the particles, i.e. the 
absence of oxidation, number and nature of surface species, which afford a 
clean surface detrimental for chemical and physical properties of resulting 
nano-objects.  
ii) the particle size and shape in order to reach a monodispersed assembly of 
particles having the desired properties. 
As a drawback one can mention the dexterity which is in some cases necessary to 
synthesize and handle organometallic complexes. Nevertheless, the advantages 
gained by this approach in terms of control of nanoparticles characteristics worth 
such efforts. 
1.4.1.1 Organometallic Complexes as Precursors of Nanoparticles9,50,63  
In this section, the main organometallic complexes that have been used commonly 
as metal nanoparticle precursors by our team and others are presented. Complexes with 
ligands containing carbonyl or formal σ-bonds as well as carbon-carbon double bonds are 
focused since such precursors have been used to prepare Re-based nanoparticles in this 
dissertation (vide infra). Moreover, the properties and reactivities of each precursor used 
in this work are discussed thoroughly in the corresponding sections. 
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Carbonyl Complexes: The use of metal carbonyls for the synthesis of metal 
nanoparticles has extensively been studied. Various transition metal carbonyl complexes 
exist and most of them are commercially available (Table 1.1).  
 
Table 1.1 Transition metal carbonyl complexes.a,63 
 
 
The metal carbonyl complexes [Mx(CO)y] contain metal atoms that are in the zero 
oxidation state as expected for metal nanoparticles. Thus, no reducing agent is needed. 
But since CO is both π-acceptor and σ-donor ligand, it strongly coordinates to metal; 
consequently, the elimination of CO necessitates upon heating, sonication or light 
irradiation.50,9  
In the literature, mostly Fe and Co carbonyl complexes are concerned due to the 
interesting magnetic properties of those metals. Beside the synthesis of monometallic 
nanoparticles, magnetic bimetallic nanoparticles have also been prepared from bimetallic 
carbonyl clusters.64 In the team, [Fe(CO)5] has been employed to produce iron(0)
65 and 
iron carbide66 nanoparticles.  
In this manuscript, [Re2(CO)10] organometallic complex was used as a precursor to 
prepare RuRe NPs. The properties of this precursor and ability to form nanoparticles will 
be discussed within Chapter II in detail. 
Olefinic Complexes: Olefinic ligands of organometallic complexes can be hydrogenated 
easily into corresponding alkanes under mild reaction conditions 
(exp. [Ru(COD)(COT)]61) thus leading to the liberation of free metal atoms in solution. 
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The mild reaction conditions offer a good control of the metal atoms nucleation step 
which is of high importance for the monodispersity of the resulting nanoparticles. 
Moreover, the formed alkane molecules do not interact with the growing nanoparticles 
which provides clean surface and allows the modification of the metallic surface by just 
adding a ligand, a surfactant or a polymer in the reaction medium. However, reaction 
conditions should be carefully determined since less innocent ligands or solvents 
(alcohols, esters etc.) can participate in side reactions which may affect the size, shape 
and surface state of the nanoparticles (see later in this dissertation).67 
 In our group, several readily accessible olefin complexes, namely 
[Ru(COD)(COT)],56,61 [Co(ɳ3-C8H13)(ɳ
4-C8H12)],
68–71 [Ni(COD)2],
72–74 [Pd(dba)2],
75,76 
[Pt2(dba)3],
76–78
 [Fe(C8H8)2]
65 have been used for the preparation of various nanoparticles. 
Among them, [Fe(C8H8)2] was found to be difficult to decompose since its decomposition 
under H2 does not occur up to a temperature of 90 
oC.50 In addition, although PVP-
stabilized Ni isotropic nanoparticles have been obtained by decomposing [Ni(COD)2] 
complex under H2 at r.t.,
73 high temperatures (70-150 oC) have to be applied to the same 
complex in order to initiate amine stabilized anisotropic Ni nanoparticles.72,74 The same 
nickel complex ([Ni(COD)2]) has also been used as a precursor by Dupont et. al.
79 and 
lately by Santini et. al.,80 in order to prepare Ni nanoparticles in ionic liquids.  
Another nickel organometallic complex, [Ni(ɳ5-C5H5)2], has been used to prepare 
nickel ferrofluids81 and nickel carbide (Ni3C) nanoparticles
82 either by reducing 
[Ni(ɳ5-C5H5)2] complex under H2 atmosphere together with subsequent heating at 
140-160 oC or by addition of sodium naphthalide to produce Ni-Cp clusters following by 
thermal heating at 200 oC under vacuum. 
The hydrogenation of the olefinic ligands is not the only method to decompose 
organometallic olefin complexes. For instance, the best way to prepare nanoparticles from 
[Pt2(dba)3] and [Pd(dba)2] was found to place a solution of these precursors under a CO 
atmosphere.56,76,78 The substitution reaction leads to presumably metastable M(CO)4 
intermediates that are unstable and condense into nanoparticles. 
Alkyl and Aryl Complexes: The mesitylcopper which crystallizes as a pentamer, 
[Cu5(C9H11)5], has been used successfully in the team to prepare copper nanoparticles 
with narrow size distributions.83 Mesitylcopper was also used as a precursor by Santini 
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et. al. to prepare mono84 and bimetallic85–87 copper nanoparticles stabilized by ionic-
liquids. 
Some complexes that contain both σ-bond to carbon and an olefin, such as 
[Pt(CH3)2(COD)] are also interesting precursors. The [Pt(CH3)2(COD)] complex is a 
valuable alternative to dba derivative as a platinum source since it provides cleaner 
surface. It is however, a stable complex and more difficult to decompose than [Pt2(dba)3], 
both under H2 and CO. [Pt(CH3)2(COD)] was used in the team to grow large 
nanostructures such as truncated cubes or arrows exposing Pt(111) surface88 and to 
prepare RuPt bimetallic NPs.89,90 In addition, [Pt(CH3)2(COD)] has been used to prepare 
RePt NPs in this work as discussed in Chapter IV in detail. 
Allyl Complexes: Similarly to olefinic complexes, allyl groups in allyl compounds can 
be eliminated upon hydrogenation. In the team, hydrogenation of [Rh(ɳ3-C3H5)3]
76,91–93 
and [Co(ɳ3-C8H13)(ɳ
4-C8H12)]
69–71,93 complexes have been readily decomposed at room 
temperature under H2. The resultant spherical Rh NPs have been used in catalytic 
hydroformylation and hydrogenation reactions.91,92 Interesting magnetic properties have 
been obtained with Co NPs. For instance, when decomposition occurs in the presence of 
PVP as a stabilizing agent, an excess of magnetization has been observed per cobalt atom 
compared to bulk cobalt. This evidences the clean cobalt surface. 
[Co(ɳ3-C8H13)(ɳ
4-C8H12)] precursor also allowed preparing first cobalt nanorods which 
are ferromagnetic at room temperature. In addition, these organometallic complexes have 
been used successfully to prepare CoRh94,95 and FeRh96 bimetallic nanoparticles. 
[Ru(Me-C3H5)2(COD)], which contains both allyl and olefin ligands,  has been 
used as a precursor by Dupont97,98 and Leitner99 et. al. in order to prepare Ru 
nanoparticles in ionic liquids. These Ru nanoparticles have been used as a catalyst in 
hydrogenation/hydrogenolysis reactions. 
 For the first time in the team and in the literature, we used [Re2(C3H5)4] 
organometallic complex to synthesize Re-based nanoparticles. This precursor was 
prepared according to a slightly modified literature procedure from Wilkinson et. al.13 
The decomposition of [Re2(C3H5)4] could be achieved under dihydrogen and heating (100 
or 120oC). By this way we could prepare pure Re nanoparticles and Re-M (M: Ru or Pt) 
bimetallic systems.  
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In this study, [Ru(Me-C3H5)2(COD)] or [Ru(COD)(COT)] complexes were used 
together with [Re2(C3H5)4] to prepare alloy and core-shell type RuRe nanoparticles, 
respectively (see Chapters II and IV). These precursors have been chosen according to 
their kinetics of decomposition: while [Ru(COD)(COT)] can easily be decomposed at r.t. 
under H2 atmosphere, the decomposition of [Ru(Me-C3H5)2(COD)] requires higher 
temperature due to its high stability. Moreover, trisnorbornene platinum(0), [Pt(C7H10)3], 
olefin organometallic precursor was found to be an alternative Pt precursor due to its easy 
and quick decomposition under H2 at r.t. Together with [Re2(C3H5)4] and [Pt(C7H10)3] 
precursors, spherical, monodispersed and crystalline polyvinylpyrrolidone stabilized PtRe 
nanoparticles have been synthesized. On the contrary, the reaction of [Pt(CH3)2(COD)]  
with [Re2(C3H5)4] led to segregated/polydispersed nanoparticles. (see Chapter IV) 
1.5 Metal Nanoparticles in Catalysis 
A catalyst is a substance that speeds up a chemical reaction but emerges from the 
process as unchanged and catalysis is the occurrence, study and use of catalyst and 
catalytic processes.100 Catalysts work by providing an alternative molecular path 
(mechanism) for the reaction involving a different transition state and lower activation 
energy. Since activation energy is defined as the minimum energy that must be overcome 
to have a reaction, lowering activation energy barrier leads to more molecular collisions 
having the energy needed to reach the transition state. Hence, catalysts can enable 
reactions that would otherwise be blocked or slowed by a kinetic barrier. The catalyst 
may increase reaction rate or selectivity, or enable the reaction at lower temperatures. 
This effect can be illustrated with the energy profile diagram shown in Figure 1.6. In this 
diagram, the presence of catalyst opens a different reaction pathway with lower activation 
energy. The final result and overall thermodynamics are the same since the catalysts do 
not change the extent of a reaction, i.e. they have no effect on the chemical equilibrium 
because the rate of both forward and reverse reactions are affected.32 
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Figure 1.6 Generic potential energy diagram showing the effect of a catalyst in a hypothetical 
exothermic chemical reaction.32 
 
Green catalysis aspects aim at developing environmentally friendly catalysts that 
allow rapid and selective chemical transformations coupled with their easy removal from 
the reaction media and their efficient recycling with time.101,102 These challenging 
conditions bring a new research movement for catalyst development at the frontier 
between homogeneous and heterogeneous catalysis known as nano-catalysis. The field of 
nano-catalysis involves both the homogeneous and heterogeneous catalysis communities 
and therefore, nanocatalysts are sometimes called as semi-heterogeneous or quasi-
homogeneous catalysts.2,24,103 
The nano-sized particles increase the exposed surface area of the active part of the 
catalyst, thereby enhancing strongly the contact between reactants and catalyst and 
mimicking the homogeneous catalysts. However, their generally insolubility in reaction 
solvents makes them separable from the reaction mixture like heterogeneous catalysts, 
which in turn makes the product isolation stage effortless. Furthermore, the activity and 
selectivity of nanocatalysts can be managed by altering chemical and physical properties 
like size, shape, composition and morphology.5,24 Nanocatalysts can also be deposited 
onto supports (oxides, carbonaceous materials) to improve stability and recovery. 
Expectedly, the studies reported in the literature7,4,23 show that transition metal 
nanoparticles are more active catalysts than their bulk-counterparts in various reactions 
such as catalytic reforming reaction, hydrocracking and aromatization processes, 
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hydrogenations, hydrosilylations, oxidations, McMurry couplings, Suzuki couplings, 
Heck-type couplings and cycloaddition reactions. 
1.5.1 Catalytic Hydrogenation of Amides 
Amines are high value organic compounds of interest for diverse area such as 
dyes, plastics, detergents and pharmaceutical industry.104 There are several methods to 
prepare amines at laboratory scales. Some of them are alkylation of ammonia with 
alcohols or haloalkanes and reduction of compounds containing a nitrogen atom at a 
higher oxidation state (ex: nitro, nitrile, amide, imine, oxime compounds).104 However, 
most of these methods are not commercially suitable for large scale production due to 
several reaction steps, cost of starting materials, formation of considerable amount of 
waste materials and purification procedures.102 For instance, it has been reported that a 
common method to reduce amides into amines by using stoichiometric amounts of metal 
hydride reagents such as LiAlH4, NaBH4 or borane (B2H6) is applicable for only 0.6% of 
chemical transformations.102 For this reason, in 2007, the American Chemical Society 
Green Chemistry Institute and the members of Pharmaceutical Round Table have 
announced a desire for developing new routes to selective and environmentally benign 
amide reduction.102   
For environmental and practical issues, dihydrogen gas is the ideal reductant 
because the only byproduct is water. However, amides are known to be 
thermodynamically highly stable carboxylic acid derivatives (Scheme 1.3).  
 
 
Scheme 1.3  Challenge levels in catalytic hydrogenation.105 
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An active and effective catalyst is necessary for the hydrogenation of amides. 
Moreover, the hydrogenation process can lead to either the preferred amine or undesired 
alcohol (Scheme 1.4).  
 
 
Scheme 1.4 Possible evolution pathways during the hydrogenation of amides.106 
 
Thus, much research has directed recently towards the discovery of a transition metal 
catalyst that would be selective for hydrogenation of amides to desired amines. In the 
following parts, the catalysts (homogenous vs heterogeneous) developed for 
hydrogenation of different amides will be reported.  
1.5.1.1 Homogeneous Catalysts Used in Hydrogenation of Amides 
Catalytic reduction of amides by homogeneous catalysts can follow two pathways 
(through C-N or C-O bond cleavage) as examined by Beller et. al. in a recent review.106 
All the catalysts that have been studied include Ru as a metal. Brief information on those 
catalysts is given in the following sections. 
1.5.1.1.1  C-N Bond Cleavage 
The first example of a homogeneously catalyzed hydrogenation of amides has 
been described by Crabtree and co-workers in 2003.107 Hydrogenation of propanamide 
was achieved at 164oC and 69 bar H2 by using [Ru(acac)3] in combination with several 
phosphines. The best activity (76.4%) and selectivity (93.7%) to propanol and propyl 
propionate were achieved with Triphos (1,1,1-tris(diphenylphosphinomethyl)ethane) as a 
ligand. 
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The team of Ikariya opened a novel catalytic method for the straightforward 
hydrogenation of carboxamides and esters to primary alcohols at high selectivity and 
conversion by using Cp*RuCl(2-C5H4NCH2NH2) as catalyst at 100
oC under 50 bar H2 in 
2-propanol containing 25 mol % KOt-Bu.105 
Then, Milstein and co-workers reported a ruthenium pincer complex that can 
hydrogenate various types of amides selectively through C-N bond cleavage.108 The end 
products are corresponding alcohols and amines. The advantage of this work lies on its 
simplicity under mild reaction conditions (10 bar H2, 110
oC) and in the absence of any 
additives. 
More recently, Bergens et al.109  described the reduction of secondary and tertiary 
amides under 50 bar H2 at 100
oC by using π-allyl ruthenium complex and a base 
(KN[Si(CH3)3]2) with catalyst TONs up to 1000. Similar to Milstein’s results, they also 
reported the formation of two products, namely corresponding alcohols and amines. The 
same catalyst was also used in hydrogenation of lactams and surprisingly, a ring opening 
was observed due to the cleavage of C-N bond. 
Saito et. al.110 reported a more general and selective method for the amide 
hydrogenation by using Ru(P,N ligand) complexes in the presence of a bulky base which 
affords selective C-N or C=O bond cleavage. While selective C-N bond cleavage was 
observed with linear amides, C=O bond cleavage was predominated with five- and 
six-membered lactams. 
1.5.1.1.2  C-O Bond Cleavage 
The hydrogenation of amides through C-O bond cleavage was developed by 
Cole-Hamilton and co-workers in 2007 by changing the reaction conditions of Crabtree’s 
original development.111 The combination of [Ru(acac)3] and triphos gave full conversion 
of N-phenylnonamide with 99% selectivity to primary amine at 164oC and under 40 bar 
H2. However, the catalyst was found to be unstable under these conditions; therefore, 
small amount of water was added to the system which resulted in formation of alcohol 
(7%). It has also been observed that reducing the temperature to 120oC results in loss of 
selectivity, giving more alcohol, and at 100oC, the product is only alcohol. Using 
proponamide or butanamide revealed a mixture of products (alcohol, secondary amine, 
secondary amide and ester). According to the hypothetical mechanism suggested in the 
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article, the addition of ammonia directed the reaction towards producing the desired 
primary amine with higher selectivity.  
In 2013, Cole-Hamilton, Leitner and Klankermayer et al. published an improved 
procedure for the hydrogenation of aliphatic and aromatic amides.112 The improvement 
was achieved by adding methanesulfonic acid (MSA) to the system of [Ru(acac)3] and 
triphos so that the reactions could be performed under higher reaction temperature 
(200-220oC) and low H2 pressure (10 bar). This system allows the hydrogenation of 
aromatic amides to amines without any arene hydrogenation or C-N bond cleavage. 
1.5.1.2 Heterogeneous Catalysts Used in Hydrogenation of Amides 
Up to date many heterogeneous catalysts have been studied in the hydrogenation 
of amides and significant improvements have been achieved. The early reports reveal that 
the catalytic hydrogenation of amides is feasible using copper chromite113–116 or rhenium 
oxide117 as catalysts. However, harsh reaction conditions (170-260oC; 100-352 bar H2) 
were required in both cases. An improvement in the reaction rate of N,N-disubstituted 
tertiary amide hydrogenation has been achieved by using copper chromite with zeolite 
under 140-350 bar H2 and at 200-400
oC without any change in the nature of the final 
products.118  
Dobson extended the study one step further by using for the first time a bimetallic 
catalyst of Pd and Re on high surface area graphite/zeolite.119 The catalyst performance 
was tested in the hydrogenation of propionamide at 200oC and 260 bar. Although good 
conversion (99%) was obtained, selectivity remained as low due to the observation of di- 
and tri-propylamines beside expected monopropylamine.  
After this study, Fuchikami120, Thompson12 and Breit121 have reported improved 
bimetallic Re-based catalysts which allowed the hydrogenation of various types of amides 
under milder reaction conditions. The bimetallic catalyst which works under mildest 
reaction conditions up to date was reported by Breit121 et. al. The hydrogenation of 
N-acetylperipyridine was achieved at 120oC and 10 bar H2 with 85% conversion by 
Pd/Re/graphite catalyst. Thompson’s group12 indicated the role of both metals by 
examining the DFT calculations. Based on the calculations, the role of Re is to activate 
the C=O while Pt acts as hydrogenation catalyst, removing intermediates from the 
  
47 
CHAPTER I Introduction to Transition Metal Nanoparticles 
catalyst surface. The rate enhancement observed on the TiO2 support is attributed to the 
presence of oxygen vacancies allowing adsorption and weakening of the C=O bond. 
Cole-Hamilton and coworkers revisited Pt/Re/TiO2
122 and Pd/Re/graphite123 
bimetallic catalysts previously reported by Thompson12 and Breit121 respectively. First 
selective catalytic hydrogenation of aliphatic amides such as N-Methylpyrrolidone and 
N-Methylpropanamide to corresponding amines (N-Methylpyrrolidine and 
N-Methylpropylamine) in continuous flow conditions were reported by using bimetallic 
Pt/Re/TiO2 catalyst. Moreover, significant details have been mentioned for the 
preparation of Pd/Re/graphite catalyst although the conversion values of 
N-Methylpyrrolidone to N-Methylpyrrolidine remained very low when compared with the 
results of Breit et al.121 Replacing calcination by thermal treatment under dinitrogen 
increased the catalytic activity of the catalyst, simply due to the prevention of the loss of 
volatile Re2O7 during high temperature treatment.  
Other examples of amide hydrogenation include the use of bimetallic catalysts 
based on combinations of Rh/Mo, Ru/Mo and Rh/W, which have been prepared from 
corresponding metal carbonyl complexes, were reported by Fuchikami120 and 
Whyman.124,125 These catalysts worked in mild reaction conditions (20-100 bar H2, 
130-170oC) for the hydrogenation of amides. 
Finally, Smith et al.126 compared a range of bi- and trimetallic catalysts 
(consisting of combinations of A, B, C where A is chosen from Co, Fe, Ir, Pt, Rh or Ru; B 
from Cr, Mo, Re and V; and C from Cu, In and Zn) at temperatures below 200oC and at 
pressures below 50 bar dihydrogen. Among many catalyst combinations, silica supported 
trimetallic PtReIn catalyst was found to be the most active towards the hydrogenation of 
1-acetylpiperidine at 10 bar H2 and 130
oC. However, as a drawback, a corrosive acetic 
acid was used as a solvent in this study. 
Among those bimetallic catalyst systems, Breit121, Whyman124,125,127 and 
Thompson12 reported the formation of metal nanoparticles, thought to be responsible for 
high activity and selectivity observed in the reactions. Nevertheless, all these catalysts 
have been prepared under harsh conditions, such as wet-impregnation of carbonyl or 
oxide complexes of metals on a support followed by high temprature 
calcination/reduction, without applying a systematic approach for nanoparticle synthesis.  
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In this study we aimed to prepare for the first time Re-based (RuRe and PtRe) 
bimetallic nanoparticles in a systematic way under mild reaction conditions. Our 
objective was to have nanoparticles with a well-controlled size and morphology to be 
used as catalysts in hydrogenation of amides. The idea was to try to improve the activity 
and selectivity by controlling better the composition/size of the catalyst. The reason to 
choose Re derived from on the observation of high catalytic activities with good 
selectivity values for Re-based catalysts reported in the literature. Moreover, the Re-
coupled metals (Ru and Pt) are known as good hydrogenation catalysts giving high 
conversion.  
In the next section, brief information on the properties and organometallic 
complexes of rhenium will be given. 
1.6 Rhenium 
1.6.1 General Aspects 
Rhenium is a silvery-white, heavy, third-row, group VII transition element with an 
atomic number of 75. It has been discovered by the German chemists Ida Tacke-
Noddack, Walter Noddack and Otto Carl Berg in 1925 in the X-Ray spectra of certain 
mineral concentrates.128,129 Rhenium is one of the rarest elements in the world and it is 
obtained as a by-product of molybdenum and copper ores extraction and refinement. The 
average concentration of rhenium in the earth’s crust has been estimated to be 0.027 
ppm.128  
It has two natural isotopes which are 185Re and 187Re. Naturally occurring rhenium 
is 37.4% 185Re which is stable, and 62.6% 187Re, which is unstable but has a very 
long half-life (~1010 years). The heavier isotope is a β-emitter and 187Os is present in all 
rhenium-bearing rocks.128,129 
Rhenium is the third element in the periodic table that has highest melting point 
(3186oC) after tungsten and carbon. It has a hexagonal close-packed crystal structure, 
with lattice parameters a = 276.1 pm and c = 445.6 pm. It is very resistive to corrosion but 
slowly tarnishes in moist air. Although massive rhenium resists oxidation, sponge or 
powder forms are very reactive and burn to heptaoxide. The sponge form dissolves in 
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oxidizing acids (nitric and concentrated sulfuric acids) but not in hydrochloric acid. 
Rhenium dissolves readily in dilute hydrogen peroxide, giving perrhenic acid.128 
1.6.2 Applications 
Refractoriness, mechanical strength, high melting point and chemical resistance 
against poisoning with N, S and P make rhenium as an attractive metal for jet engines, 
electronics and power devices. Rhenium is added to superalloys utilized primarily in the 
aviation and space industry as for parts of rocket engines, engine turbines.130 
Rhenium is also widely used in catalysis. Bimetallic Pt–Re alloy plays a vital role 
in catalyzing petroleum reforming reactions at ca. 500oC and 15 atm. Rhenium and its 
compounds have been used in diverse catalytic transformations such as hydrogenation, 
oxidation, coupling reactions etc. given in elsewhere.131–134 
In addition, radioactive 186/188Re complexes as well as rhenium organometallic 
complexes are widely used as anticancer agent135 and in radiotherapy.136 
1.6.3 Chemistry of Rhenium Compounds 
An important feature of the chemistry of rhenium is the existence of a large 
number of easily accessible oxidation states (between -3 and + 7) which interconvert 
under mild redox conditions. For this reason, reactions often yield mixtures of products, 
and experimental conditions must be carefully controlled to obtain reproducible results.130 
Rhenium is known as a metal that forms high bond strengths with the ligands and 
provides high coordination number molecular complexes. These properties supply 
unusual and unique reaction pathways for rhenium complexes.137 
Many rhenium compounds (halides, oxides, alkyls, carbonyls, hydrides etc.) have 
been reviewed128,129,137,138 in many papers and book sections either according to the 
ligands attach to rhenium or according to the oxidation state of rhenium. We have here 
mainly focused on rhenium carbonyl and hydride complexes since the properties and 
reactivity of these molecular complexes resemble in certain extent to those of 
nanoparticles that we prepared herein. As it will be mentioned in detail in the following 
sections, H2 was used as a reducing agent to prepare rhenium nanoparticles. Therefore, 
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the presence of hydrides on the nanoparticle surface has been expected. The quantity and 
reactivity of these hydrides have been determined by a simple olefin hydrogenation 
reaction (see Chapter III). It has been revealed that the reactivity of the hydrides present 
at the nanoparticle surface is similar to those of molecular counterparts. Moreover, we 
have used CO in order to identify nanoparticles’ surface properties as well as to 
investigate the nanoparticles’ reactivity towards CO since the aim was to use these 
nanoparticles as catalysts for amide hydrogenation reactions consisting CO-functional 
group. 
1.6.3.1 Rhenium Hydrides 
K2ReH9 is a typical example of high coordination number complexes where 
rhenium has its highest oxidation state, +7. The remaining rhenium hydride compounds 
contain Re-H bonds which are all stabilized by π-bonding ligands (e.g. (C5H5)2ReH, 
H3Re3(CO)12, ReH7(PR3)2 etc.).
128 
Generally Re-H bonds are known as stable and require energy for dissociation.139 
For instance Re-H bond dissociation energy for [ReH(CO)5] has been reported as 
314 kJ/mol which is 29 kJ/mol higher than analogous [MnH(CO)5]. 
Many neutral phosphine complexes have been prepared from the reaction of 
L2ReOCl3, L2ReCl4, or L3ReCl3, where L is a phosphine ligand, with NaBH4 or 
LiAlH4.
137 The resulting polyhydrides are significant complexes where the high oxidation 
states are stabilized by H ligands and they are important catalysts for C-H bond activation 
in saturated hydrocarbons. The rhenium polyhydrides react by loss of H2, which usually 
occurs at 60-110 oC. The reactivity of L2ReH7 complexes, where L is a phosphine ligand: 
generally PPh3 or dppe, has been extensively studied by the team of Ephritikhine.
140–145 
They prepared many unsaturated hydrocarbon complexes starting from L2ReH7 
complexes.140–142 Moreover, these complexes have been used for catalytic 
dehydrogenation of alkanes into alkenes.143–145 
For certain di- and polyhydride complexes, an equilibrium exists between 
dihydride and dihydrogen isomers. For instance, the protonation of classical trihydride 
[Re(H)3(CO)(PMe2Ph)3] at low temperature generates an equilibrium mixture of  
tetrahydride [Re(H)4(CO)(PMe2Ph)3][BF4] and dihydrogen dihydride 
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[ReH2(ɳ
2-H2)(CO)(PMe2Ph)3][BF4] complexes. The equilibrium shifts towards 
dihydrogen with increasing temperature and above 283 K, H2 dissociates irreversibly.
146 
More electron-rich metal centers favor dihydride ligands in preference to dihydrogen 
isomers. While [Re(H)4(PMe2Ph)4]
+ and [Re(H)2(CO)(PMe2Ph)4]
+ exist as classical 
hydrides, [Re(H)2(CO)2(PMe2Ph)3]
+ is in equilibrium with 
[Re(H2)(CO)2(PMe2Ph)3]
+.137,147 
1.6.3.2 Rhenium Carbonyls 
The CO ligand dominates the chemistry of the lower oxidation states of rhenium 
(Re−III to ReII). They are mostly derived from [Re2(CO)10] and the consequences of the 
rupture of its Re-Re bond. [Re(CO)5]
•, [Re(CO)5]
− and Re(CO)5X are the most important 
products of Re-Re homolysis, reduction and oxidation, respectively, and originate a vast 
chemistry (Figure 1.7).148 
 
 
Figure 1.7 Reactions of [Re2(CO)10].
128 
 
As it will also be mentioned in Chapter II, many mono- and poly-nuclear rhenium 
carbonyl hydride complexes have been synthesized either from reduction of [Re2(CO)10] 
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with NaBH4 and subsequent acidification or from the reaction of [Re2(CO)10] with H2 by 
irradiation or thermolysis.149–151 
Interestingly, the reduction of coordinated CO by hydride ligands of rhenium 
organometallic complexes has been observed. The careful choice of reaction conditions 
resulted in formyl formation, [Re(CHO)(NO)(L)(Cp)] (L= CO, PPh3), from reduction of 
[Re(CO)(NO)(L)(Cp)]+ by borohydride ion.152 
1.7 Concluding Remarks 
In this chapter, the properties of metal nanoparticles, their mechanism of 
formation and stabilization methods have been presented together with metal nanoparticle 
synthesis protocols by focusing mainly on organometallic approach. The potential 
organometallic complexes as precursors for the synthesis of metal nanoparticles were also 
examined. Then, the application of metal nanoparticles in catalysis and the importance of 
catalytic hydrogenation of amides have been discussed. Moreover, the homogeneous and 
heterogeneous catalysts used in hydrogenation of amides and the importance of rhenium 
in this domain were given in detail. Within the last part, information on the properties of 
rhenium and its carbonyl and hydride complexes were presented since the properties and 
reactivity of these molecular complexes resemble in certain extent to those of 
nanoparticles that will be mentioned in the following chapters.  
By considering the role of rhenium in the hydrogenation of amides, the first 
attempts in the synthesis of bimetallic ruthenium-rhenium nanoparticles from 
[Ru(COD)(COT)] and [Re2(CO)10] organometallic precursors in the presence of 
polyvinylpyrrolidone or hexadecylamine as stabilizing agents are described in the 
following chapter. Characterization data and preliminary results in the catalytic 
hydrogenation of N-methylpyrrolidone are also given.  
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2.1 Introduction 
Rhenium and its compounds (oxides, sulfides and organometallic complexes) are 
extensively used in radiotherapy153 as well as in catalysis131 such as metathesis of 
alkenes154 and selective oxidation.155 Recently, there has been also an increasing interest 
for noble-metal modified rhenium catalysts. Re-based bimetallic catalysts are used in 
diverse catalytic reactions such as hydrogenolysis,156,157 hydrogenation158,159,160 and 
Fisher-Tropsch.161 This interest for bimetallic catalysts is related to the synergic effect 
which is expected from the presence of two metals and that may lead to enhancements 
both in activity and selectivity of catalytic transformations. Up to date, very few studies 
focusing on ruthenium-rhenium bimetallic catalysts have been reported in the literature, 
as described hereafter.11-21 
In the early papers, ruthenium-rhenium (Ru-Re) bimetallic catalysts were used for 
hydrogenation of carbon monoxide162 and aromatic compounds.163,164 Tanaka, Kiso and 
Saeki162 reported that the activity of ruthenium halide catalysts for ethylene glycol 
formation from CO/H2 is enhanced by addition of [Re2(CO)10] up to an atomic ratio of 
about 2Re/Ru. Verykios and co-workers163,164 found that Re-based bimetallic catalysts 
resist to sulfur poisoning and still show catalytic activity in the hydrogenation of 
aromatics.  
Ma and He studied the catalytic performance of supported Ru-Re catalysts in the 
hydrogenolysis of glycerol. The addition of [Re2(CO)10] to Ru catalysts induced a 
remarkable promoting effect in the hydrogenolysis of glycerol to propanediols attributed 
to a synergetic effect between the two metals.165 Given this observation, they investigated 
the catalytic activities of bimetallic Ru-Re catalysts prepared by impregnation of aqueous 
solutions of RuCl3·4H2O and HReO4 on a support (ZrO2, Al2O3 or SiO2) followed by 
calcination and reduction, for the same reaction.166 They observed that Re promotes the 
dispersion of Ru component on the surface of the support since smaller nanoparticles 
were obtained for bimetallic catalysts than for monometallic ones. EDX analysis revealed 
the presence of both metals in the same region thus supporting the formation of an alloy. 
The oxidation states of the catalysts were determined by XPS: Ru was found to be in zero 
oxidation state while Re species were in +3 oxidation state. This was explained by the 
presence of well-dispersed rhenium oxide species on the support which is hard to reduce. 
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The effect of catalyst preparation parameters on the catalytic performances of Ru-Re/SiO2 
compared to Ru/SiO2 materials was also investigated.
167  
Ru-Re bimetallic catalysts on a carbon support were also prepared in a similar 
way and used in aqueous solution hydrogenation of maleic acid.168,169 This catalyst 
showed high catalytic rate, selectivity, robustness and long lifetime.   
Apart from wet-impregnation method, Akhmedov and Khowaiter170 used metal 
vapor method to prepare Ru-Re/ZSM-5 catalyst. The catalyst showed high selectivity in 
the isomerization of n-hexane to 2- and 3- methylpentanes. However, the statistical size 
distribution of nanoparticles could not be built from TEM data due to their poor contrast.  
Whyman and co-workers127 studied Ru-Re heterogenous catalysts formed in-situ 
from [Ru3(CO)12]/[Re2(CO)10] during the liquid phase hydrogenation of 
cyclohexanecarboxamide to cyclohexanecarboxamine in up to 95 % selectivity under 
20-100 bar H2 and at 140-160
oC. The rapid degradation of [Ru3(CO)12] coupled with 
much slower decomposition of [Re2(CO)10] resulted in co-formation of a mixture of 
larger Ru crystallites (ca. 8 nm) and catalytically active Ru/Re nanoclusters (ca. 2-4 nm).  
Finally, Baranowska, Okal and Miniajluk lately reported their work171 on Ru-Re 
bimetallic catalysts supported on ɣ-Al2O3. The catalysts were prepared by the incipient 
wet co-impregnation of Ru(NO)(NO3)3 or RuCl3 and NH4ReO4 precursors on ɣ-Al2O3 
followed by H2 reduction at high temperatures. The authors studied the effect of Ru/Re 
atomic ratio on the structure and dispersion of Ru-Re/ɣ-Al2O3 catalyst. Moreover, two 
different ruthenium precursors (Ru(NO)(NO3)3 or RuCl3) were used in order to observe 
their influence on chemisorption properties of bimetallic Ru-Re catalysts. In addition to 
standard spectroscopic techniques (XRD, HRTEM, SAED, EDX, N2 
adsorption-desorption), the authors used H2 chemisorption method to determine the 
dispersion of elements in monometallic (Re, Ru) and bimetallic Ru-Re/ɣ-Al2O3 catalysts. 
As a result, they found that bimetallic Ru-Re are more dispersed than monometallic Ru 
and Re catalysts. Up to Ru75Re25 composition, nanoalloys of randomly mixed metals with 
sizes usually below 2 nm were observed. For higher Re composition, part of Re was 
found segregated under the form of separate Re particles on the alumina surface. 
Besides the low number of studies mentioned above, none of them describes a 
systematic approach to prepare RuRe nanoalloys displaying homogeneity both in 
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nanoparticle dispersion and metal content. Moreover, most of the metal precursors used in 
these studies contain chlorine or oxide ligands that might interact with growing metal 
nanoparticle surface and cause their contamination which in turn may affect the catalytic 
performances of the catalysts. In this context, our objective was to prepare Ru-Re 
bimetallic catalysts following the organometallic approach with the hope to achieve a 
good control over the morphology of the nanoparticles and clean metallic surfaces. For 
that purpose, [Ru(COD)(COT)] and [Re2(CO)10] were first established as precursors since 
1) they are commercially available and 2) they possess ligands that can be eliminated 
under dihydrogenation or heating conditions.  
As it will be mentioned in the next part, [Re2(CO)10] is stable at room temperature 
(r.t.) with rhenium in the zero oxidation state. Its decomposition occurs under forcing 
reaction conditions. However, temperature programmed reduction (TPR) data obtained 
for many supported Ru-Re bimetallic samples indicate that there is a strong interaction 
between the two metals. Thus, reduction of Re species might be promoted at lower 
temperatures owing to hydrogen spillover from previously reduced Ru species.166,171 As a 
consequence, in this work, Ru nuclei resulting from decomposition of [Ru(COD)(COT)] 
which can take place easily under H2 atmosphere at r.t.,
172,173  were aimed to catalyze the 
decomposition of [Re2(CO)10] in milder reaction conditions and further to obtain 
bimetallic Ru-Re nanoalloys. Such an approach has previously been used in the team to 
synthesize at r.t., core-shell type Ru-Pt/PVP NPs89 from [Pt(CH3)2(COD)] and 
[Ru(COD)(COT)] precursors. Taking profit from the fact that [Pt(CH3)2(COD)] does not 
decompose at r.t. under H2 while [Ru(COD)(COT)] does, the process goes only through 
heterogeneous nucleation. Hence platinum is deposited onto preformed Ru NPs owing 
those can enhance the hydrogenation and decomposition rate of Pt precursor. 
This chapter reports the synthesis, characterization and a preliminary catalysis 
study of bimetallic Ru-Re nanoparticles (RuRe NPs) stabilized either sterically with the 
polymer, polyvinylpyrrolidone (PVP) or electronically with the ligand, hexadecylamine 
(HDA). The RuRe NPs were obtained by either co-decomposition or two-step 
decomposition of [Ru(COD)(COT)] and [Re2(CO)10] in anisole (150
oC, 3 bar H2) in the 
presence of  PVP or HDA. The resulting nanoparticles were characterized by 
complementary techniques such as TEM, HRTEM, STEM-HAADF, EDX, WAXS, 
EXAFS, FT-IR, ATR-IR, NMR, MS and EA. The catalytic activity of the so-obtained 
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nanoparticles was preliminary evaluated in hydrogenation of N-Methylpyrrolidinone in 
collaboration with the group of Prof. David Cole-Hamilton in St. Andrews, Scotland.  
2.2 General Information about the Precursors and Miscibility of Ru 
and Re Metals  
This section will start by mentioning the characteristics of the precursors chosen to 
prepare the RuRe NPs as well as discussing the miscibility of Ru and Re. 
2.2.1 Characteristics of [Ru(COD)(COT)] and [Re2(CO)10] Organometallic 
Complexes 
The synthesis of [Ru(COD)(COT)] and also of other ruthenium(0) cycloolefin 
complexes, was described by Pertici et al.174 in 1980. It was obtained in high yield by 
reacting hydrated ruthenium trichloride with cyclo-octa-l,5-diene, in the presence of 
metallic zinc as shown on Scheme 2.1 which summarizes the synthetic routes to prepare 
ruthenium(0) cycloolefin complexes. 
 
 
Scheme 2.1 Procedures to synthesize ruthenium(0) cyclo-olefin complexes. (i) EtOH or THF, 20oC; 
(ii) EtOH or THF, reflux.174 
 
[Ru(COD)(COT)] is a yellow crystalline solid that is thermally stable under an inert gas 
atmosphere but it decomposes in air. It is soluble in many solvents such as hydrocarbons, 
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tetrahydrofurane and chloroform. 
In 1980s, Chaudret et al.175 investigated the use of [Ru(COD)(COT)] as a starting 
material for the synthesis of a variety of ruthenium(0) and ruthenium hydride phosphine 
complexes (Scheme 2.2).   
 
Scheme 2.2 Reactions of [Ru(COD)(COT)] with various phosphines and diphosphines under 
dihydrogen.175  
 
It has been found that one of the double bonds of cyclooctatriene ligand can be easily 
displaced, for example by a small cone angle phosphine. It can also be displaced by 
hydrogen but in this case a rapid reaction takes place unless a competing ligand is present.  
Under H2 activation in the absence of ligand, all double bonds are hydrogenated thus 
liberating naked ruthenium atoms. This observation served as an inspiration in the team to 
easily prepare ruthenium nanoparticles from [Ru(COD)(COT)] under H2 atmosphere. The 
stabilization of these Ru NPs was achieved using various stabilizing agents such as 
polymers,56,176,177 supporting materials,178,179 weakly coordinated ligands176,180,181 or 
strongly coordinated ligands182. After ca. 25 years of investigation on Ru NPs synthesis, a 
large expertise has been acquired.61,62 
[Ru(COD)(COT)] presents well-defined distinct peaks in 1H-NMR; therefore, the 
ligand hydrogenation (disappearance of olefin peaks and formation of cyclooctane) can 
be followed easily by this technique. In the literature,183 the chemical shifts of 
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[Ru(COD)(COT)] organometallic complex in 1H-NMR (C6D6) have been given as δ 0.9 
(m, 2H), 1.64 (m, 2H), 2.22 (m, 8H), 2.92 (m, 4H), 3.79 (m, 2H), 4.78 (m, 2H), 5.22 (dd, 
2H) ppm. These peaks are consistent with the peaks (Figure 2.1) of [Ru(COD)(COT)] 
complex, commercially supplied from Nanomeps, Toulouse.  
 
Figure 2.1 1H-NMR of [Ru(COD)(COT)] in C6D12. 
 
Dirhenium decacarbonyl, [Re2(CO)10], is a white crystalline solid which is 
obtained by reductive carbonylation of Re2O7, ReO3, ReO2, Re2S7 or KReO4 at high 
temperature and pressure in the absence of solvent or by reducing ReCl5 or ReCl3 with Na 
under CO in THF.184,185 This complex consists of a pair of square pyramidal Re(CO)5 units 
joined via a Re-Re bond186 (Figure 2.2). The Re-Re bond length was experimentally 
found to be 3.04 Å.  
 
 
Figure 2.2 3D ball representation of [Re2CO10].
187 
 
C6D12 
Grease 
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[Re2(CO)10] is more stable than analogous compounds of technetium and 
manganese. However, CO can be substituted with another ligand such as phosphines and 
phosphites and the Re-Re bond can be homolytically dissociated by photolysis or by 
reaction with a halide. The complex may also be hydrogenated to form various 
polyrhenium complexes, eventually leading to elemental rhenium.185 
Unlike [Ru(COD)(COT)], following the decomposition of [Re2(CO)10] is difficult 
by spectroscopic techniques such as NMR and FT-IR. In 13C-NMR, [Re2(CO)10] displays 
a very broad and small peak at 191 ppm which is difficult to detect.   
 
 
Figure 2.3 13C-NMR of [Re2CO10] in d8-THF. 
  
Infra-red (IR) is another spectroscopic method to observe CO ligands. Three CO 
absorption bands at 2070, 2014 and 1976 cm-1 have been reported in the literature185 for 
[Re2(CO)10] complex in cyclohexane. As mentioned by Adams and Taylor,
188 disc and 
mull IR spectra of [Re2(CO)10] are in poor quality and could not be readily interpreted 
because the transmittance spectra are corrupted by attendant reflectance effects.  
Attenuated total reflectance infrared (ATR-IR) spectrum of [Re2(CO)10] recorded 
experimentally from commercially supplied complex is presented in Figure 2.4. Mainly 
six CO absorption bands are observed: a broad intense band centered at 1942 cm-1 and 
two medium bands at 2035 and 2065 cm-1 and three very weak bands at 1973, 1999 and 
2024 cm-1.  
Grease 
D8-THF D8-THF 
CO 
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Figure 2.4 ATR-IR of [Re2(CO)10] in solid state. The inset is the zoom of carbonyl region shown by 
the red frame. 
 
However, a pentane solution of commercially supplied [Re2(CO)10] gives three CO 
stretching bands in FT-IR at 2071, 2015 and 1977 cm-1 consistent with the literature 
values (Figure 2.5).  
 
 
Figure 2.5 FT-IR of [Re2(CO)10] in pentane. 
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2.2.2 Miscibility of Ru and Re Metals 
It has been reported that bulk Ru and Re have the same hexagonal (hcp) 
crystalline structure and that the bulk binary system shows an isomorphous phase diagram 
indicating complete Ru-Re solubility.171  Therefore, in this study, it was expected to have 
a considerable extent of alloying between these two metals in the nanostructures. 
2.3 Synthesis of RuRe Bimetallic Nanoparticles: Optimization of 
Reaction Conditions 
A first attempt to prepare bimetallic ruthenium-rhenium nanoparticles (RuRe NPs) 
was performed at 60oC in tetrahydrofurane (THF) under 3 bar H2 and in the presence of 
polyvinylpyrrolidone (PVP) as a stabilizing agent. In a typical experiment, [Re2(CO)10] 
and [Ru(COD)(COT)] were introduced together in a Fischer-Porter bottle in 1:1 molar 
ratio and dissolved in THF. A THF solution of PVP was then added. The reactor was 
pressurized with 3 bar H2 dynamically for 30 min. at r.t. During this period of time, the 
color of the reaction solution changed from yellow to dark brown. Then, the reaction 
mixture was heated gradually to 60oC and maintained at this temperature under stirring 
for 40h.  At the end of the reaction, a brown supernatant and a black precipitate were 
observed. TEM images of the crude supernatant (Figure 2.6) showed ill-defined very 
small nanoparticles and big agglomerates.  
 
 
Figure 2.6 a-b) TEM Images from the crude supernatant of reaction mixture obtained at 60oC in 
THF. 
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The solvent was then evaporated and the resulting solid was analyzed by NMR 
and ATR-IR in order to check the fate of the starting precursors. In 13C-NMR 
(Figure 2.7), only peaks corresponding to PVP (17.7, 31.2, 41.7, 44.3, 176.5 ppm), 
cyclooctane (25.1 ppm) and THF (26.4, 67.4 ppm) were observed. This result might be an 
indication of total decomposition of the two metal precursors. However, as mentioned in 
the previous section, pure [Re2(CO)10] gives a symmetrical broad peak of very low 
intensity at 191 ppm and the detection of unreacted rhenium carbonyl species could thus 
be difficult.  
 
 
Figure 2.7 13C-NMR of solid, obtained after evaporation of solvent from crude supernatant, in 
d4-methanol (CD3OD). 
 
The solid was thus also analyzed by ATR-IR. Figure 2.8 corresponds to the IR 
spectra of pure PVP, raw solid and purified solid. The crude solid presents absorption 
bands in the same region as for PVP and additional carbonyl stretching bands between 
2080 and 1770 cm-1. The bands at v(cm-1): 2874-2953, 1681, 1270-1285 and 1370-1490 
are attributed to C-H, C=O, C-N stretchings and C-H bendings of PVP respectively. The 
bands visible at 2073, 2008, 1885 and 1770 cm-1 together with a shoulder at 1961 cm-1 are 
C=O of PVP 
CD3OD 
THF 
PVP 
C8H16 
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attributed to the carbonyl stretchings of crude solid. It is difficult to assign these peaks 
which can correspond to unreacted rhenium carbonyl species ([Re2(CO)10], [HxReyCOz]) 
or CO adsorbed on NPs. Then, another ATR-IR spectrum was recorded after washing the 
solid with pentane and THF, then drying under vacuum. After these purification steps, the 
bands at 2073 and 1770 cm-1 and the shoulder at 1961 cm-1 have disappeared. Moreover, 
the intensity of CO band at 2008 cm-1 decreased and the position of the peak shifted to 
low frequency (1990 cm-1). These changes might result from the elimination of unreacted 
rhenium carbonyl complex through purification. The remaining CO stretching bands 
observed at 1990 and 1885 cm-1 might correspond to adsorbed CO on the surface of the 
NPs or to new carbonyl molecular complexes formed during the reaction which could not 
be eliminated by pentane and THF washings.  
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Figure 2.8 ATR-IR of PVP and solid, obtained after evaporation of solvent from the crude 
supernatant, before and after purification. 
 
The FT-IR data together with TEM images indicate a mixture containing both 
molecular species and nanoparticles. These results prompted us to explore other reaction 
conditions. Since increasing temperature may induce a better decomposition of 
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[Re2(CO)10] complex, the reaction was performed at higher temperatures. For this, THF 
was changed by anisole due to its higher boiling point and capability of dissolving all 
reagents.  
When the same reaction was carried out at 120oC in anisole, a stable, 
homogeneous dark brown solution was observed without any precipitate. TEM analysis 
of the crude reaction mixture revealed the presence of three kinds of objects: 
agglomerates of individual nanoparticles, monodispersed small nanoparticles having a 
mean size of ca. 1.5(0.3) nm and dark matter which can be due to a high concentration of 
molecular species (Figure 2.9). 
 
 
Figure 2.9 a-c) TEM Images of crude reaction mixture obtained at 120oC in anisole for 2 days; Image 
b) is a zoom of the area in the red rectangle on image a); the inset of image c is the size histogram built for 
individual small nanoparticles. 
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After evaporating the solvent, a dark brown shiny solid was obtained and ATR-IR 
spectra were recorded (Figure 2.10). Similar to the previous case, three main 
CO-stretching bands at 2069, 1999 and 1896 cm-1 and a weak shoulder at 1968 cm-1 are 
observed for the crude solid besides the IR bands of PVP. After washing the solid with 
pentane and THF, the bands at 2069 and 1968 cm-1 have disappeared. This might be an 
indication of elimination of unreacted [Re2(CO)10] after washings since the stretching 
frequencies are close to those of pure [Re2(CO)10]. The position and intensity ratio of the 
remaining CO bands did not change significantly. These bands might be due to adsorbed 
CO on the surface of nanoparticles or new carbonyl molecular complexes formed during 
the reaction which could not be eliminated by pentane and THF washings. From these 
TEM and FT-IR data, we can conclude that nanoparticles were formed but also that 
decomposition of [Re2(CO)10] is not complete. 
 
 
Figure 2.10 ATR-IR of dark brown solid before and after purification. The inset is the zoom of the 
carbonyl region shown in green rectangle. 
 
The final attempt was performed at 150oC by keeping the other parameters as 
same. At the end of the reaction, similar to previous case (vide supra), homogeneous dark 
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brown solution was obtained without precipitate. TEM images of the crude reaction 
solution showed monodispersed NPs having ca. 1.5(0.4) nm mean size. Some 
superstructures of small NPs were also observed in which the nanoparticle mean size 
could not be determined due to their close proximity (Figure 2.11).  
 
 
Figure 2.11 a-c) TEM Images of crude reaction mixture obtained at 150oC in anisole for 2 days. The 
inset of image c is the size histogram built from measurement of individual nanoparticles. 
 
The ATR-IR spectrum (Figure 2.12) of the solid obtained after evaporation of 
anisole showed only a small broad carbonyl band centered at 1965 cm-1. After purifying 
the solid by pentane and THF washings, the intensity of this band decreased while 
keeping its position. It is difficult to assign this carbonyl band but since its structure, 
position and relative intensity are not the same as for pure [Re2(CO)10], it could be 
  
70 
CHAPTER II Ruthenium-Rhenium Bimetallic Nanoparticles from [Re2(CO)10] Organometallic Presursor 
attributed to adsorbed CO on NPs thus evidencing their formation from the 
decomposition of [Re2(CO)10] in these reaction conditions.  
 
 
Figure 2.12 ATR-IR of  the obtained solid before and after purification. The inset is the zoom of the 
carbonyl region shown in green rectangle. 
 
In addition to TEM and IR analyses, the composition of the gas phase resulting 
from the reaction mixture was analyzed by mass spectroscopy (MS). H2 and CO were 
expected to be detected since H2 was introduced into the reactor in excess and CO was 
expected to be released during the decomposition of [Re2(CO)10]. The results confirmed 
the presence of H2 and CO but also that of light hydrocarbons (CH4, C3H8 and H2O) that 
might result from a Fischer-Tropsch reaction (Figure 2.13). Knowing from literature162,12 
that Re can activate CO molecules, in the presence of a hydrogenation catalyst such as 
ruthenium, the reduction of CO into hydrocarbons or alcohols is possible.  
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Figure 2.13 MS analysis of gas phase after the synthesis of RuRe/PVP NPs. 
 
Overall, these results indicated the decomposition of [Re2(CO)10] and encouraged 
us to investigate this system more.  
2.4 PVP-Stabilized RuRe Bimetallic Nanoparticles: Synthesis and 
Characterization 
After testing different reaction conditions (vide supra), we studied the synthesis of 
RuRe/PVP NPs by co-decomposition of [Ru(COD)(COT)] and [Re2(CO)10] in 1:1 molar 
ratio at 150oC in anisole for 2 days (Scheme 2.3).  
 
 
Scheme 2.3 Organometallic synthesis of RuRe/PVP NPs from [Ru(COD)(COT)] and [Re2(CO)10]. 
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Control experiments performed by decomposition of each metal precursor alone 
and the detailed characterization on the morphology of so-obtained NPs will be first 
discussed. 
2.4.1 Control Experiments  
In order to better understand the bimetallic nanoparticle systems, we studied the 
fate of each metal precursor under the same reaction conditions. First the behavior of 
[Re2(CO)10] complex under 3 bar of H2 and in the presence or absence of PVP was 
examined. Then, PVP-stabilized Ru NPs were prepared by decomposing 
[Ru(COD)(COT)] with H2 in the presence of PVP as stabilizing agent and anisole as 
solvent. The influence of temperature and metal content was also studied.  
2.4.1.1 Control Experiments with [Re2(CO)10] 
As first control experiment, [Re2(CO)10] was treated under 3 bar of H2 in the 
presence of PVP in order to observe if this precursor can lead to rhenium nanoparticles. In 
a typical experiment [Re2(CO)10] and PVP were introduced into a Fischer-Porter reactor 
at the same metallic content as in bimetallic system (0.174 mmol Re, 10 wt.% in PVP) 
and dissolved in anisole. The temperature of the solution was increased from r.t. to 150oC. 
Then, the Fischer-Porter reactor was pressurized with 3 bar H2 for 2 days. The color of 
the reaction solution turned from colorless transparent solution to yellowish clear 
solution. A dark brown-black color as normally expected for a colloidal solution was not 
observed.. The TEM images obtained from the crude reaction medium (Figure 2.14) 
revealed the presence of elongated big objects that are probably pieces of metal in the 
polymer. Beside these objects, very small NPs seem to be present (Figure 2.14b) but it is 
difficult to ascertain due to the carbon layer of the grid. In order to this hypothesis, 
HRTEM analysis was performed on the same grid which discarded the existence of 
nanoparticles. 
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Figure 2.14 TEM Images of the reaction mixture after treatment of [Re2(CO)10] with H2 at 150
oC in 
anisole and in the presence of PVP. 
 
In a separate experiment, the stability and behavior of [Re2(CO)10] were tested in 
the absence of PVP while keeping the other parameters constant (150oC; anisole; 2 days). 
Similar to the previous case, a yellowish clear solution was obtained at the end of 
reaction. At r.t., a white shiny solid precipitated at the bottom of the bottle which was 
further shown to be a molecular species [H3Re3(CO)12] by FT-IR, 
1H-NMR and WAXS 
techniques. 
The pentane solution of the shiny white solid exhibited three absorption bands 
assigned to carbonyl stretching modes at 2095, 2032, 2009 and 1984 cm-1 in infrared 
spectrum. These carbonyl stretching bands are different from those of [Re2(CO)10] thus 
indicating a different chemical structure. In addition, 1H-NMR spectrum of the white 
solid in d8-THF showed a singlet at δ -17.02 ppm which evidences the presence of a 
hydride species.189 The shiny white solid was further analyzed by Wide Angle X-Ray 
Scattering (WAXS) technique in order to examine its crystallinity and calculate possible 
Re-Re and/or Re-C bond distances in comparison to [Re2(CO)10] solid. The radial 
distribution functions (RDFs) of rhenium carbonyl complexes are shown in Figure 2.15 
from which the information about Re-Re and Re-C bond lengths could be extracted. As 
seen from RDFs, diffraction pattern of [Re2(CO)10], reveals an extended crystallization 
leading to the emphasis of peaks on the long distances. On the contrary, the diffraction 
pattern of white solid is consistent with very small objects, with broad pattern rather than 
sharp peaks in the reciprocal space. In the RDF of white powder the short distances could 
be distinguished better than those of [Re2(CO)10]. In the literature,
190 the Re-Re and Re-C 
bond lengths of [Re2(CO)10] are given as 3.04 Å and 2.01 Å, respectively These values 
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are consistent with the ones calculated from RDF of commercially supplied [Re2(CO)10]. 
The Re-Re bond length of white solid, obtained from the reaction of [Re2(CO)10] with H2 
at 150oC in anisole, was calculated as 3.22 Å which is larger than Re-Re bond in 
[Re2(CO)10]. In contrast, Re-C bond of white solid was found to be slightly shorter (1.90 
Å) than Re-C bond of [Re2(CO)10]. 
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Figure 2.15 RDFs of [Re2(CO)10]  (black) and white solid (red) obtained from the reaction of 
[Re2(CO)10]  with H2 at 150oC in anisole. (* and # indicate Re-Re and Re-C bond distances respectively) 
 
These experimental results evidence the formation of a rhenium carbonyl hydride 
complex. In fact, the syntheses of rhenium carbonyl hydrides from [Re2(CO)10] and 
dihydrogen either by heating or by irradiation have already been reported.191,151 Scheme 
2.4 presents the reaction pathways and resultant products of [Re2(CO)10] with H2 under 
specified conditions.  
 
 
Scheme 2.4 Rhenium carbonyl hydride complexes resulting from the reaction of [Re2(CO)10] and H2. 
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 The spectroscopic data of different rhenium carbonyl hydride complexes were 
compared with the experimental results we obtained. It could be determined that the shiny 
white powder obtained from the reaction of [Re2(CO)10]  with H2 at 150
oC in anisole fits 
with the data of [H3Re3(CO)12]. Table 2.1 exhibits the comparison of the experimental 
results with the spectroscopic properties of [H3Re3(CO)12] from literature.   
 
Table 2.1 Comparison of experimental and literature spectroscopic data of [H3Re3(CO)12]. 
 Literature Experimental 
IR Data ( ν(CO) ) 
2096m, 2033s, 2010ms, 1982m (in 
toluene) 192 
 
2093m, 2083vw, 2030 vs, 2018vw, 
2008s, 1983m, 1948 vw (in 
cyclohexane) 149 
 
2095m, 2032s, 2009ms, 
1984m (in pentane) 
1H-NMR -16.92 ppm (in d6-acetone) 
192 -17.02 ppm (in d8-THF) 
Crystallographic Data 
 
     Re-Re  = 3.241 Å 
     Re-Ceq. = 1.931 Å         
151,193 
     Re-Cax. = 1.996 Å 
 
Re-Re = 3.22 Å 
Re-C  = 1.90 Å 
 
 
The nature of yellow supernatant obtained from the reaction of [Re2(CO)10]  with 
H2 at 150
oC was also studied after solvent evaporation. The resulting yellowish solid was 
analyzed by 1H-NMR and FT-IR spectroscopic techniques. 1H-NMR in d8-THF was not 
conclusive since only hydrocarbon and anisole residues were observed. FT-IR spectrum 
of this solid in THF showed three CO absorption bands at 2071, 2015 and 1977 cm-1 
which are consistent with the stretching bands of [Re2(CO)10] as given in Section 2.2.1 
(see Figure 2.5).  
Finally, ATR-IR spectra (Figure 2.16) of white and yellow solids were recorded 
and compared with pure [Re2(CO)10]  spectrum. For all cases, the IR spectra in solid state 
show more complexity with several weak absorption bands and a broader background. 
For [H3Re3(CO)12] organometallic complex, there is a red shift at the position of the 
absorption bands in solid state according to liquid IR bands. In addition, there is a strong 
background absorption between 2045-1950 cm-1 resulting in a low resolution in position 
and intensity of the bands.  
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Figure 2.16 From top to bottom : ATR-IR Spectra of white and yellow solids, obtained from the 
reaction of [Re2(CO)10] with 3 bar of H2 at 150
oC in anisole, and commercially supplied [Re2(CO)10] in 
solid state. 
 
To conclude, the control experiments performed by reacting [Re2(CO)10]  under 3 
bar H2 in anisole at 150
oC showed that under these conditions, [Re2(CO)10]  transforms 
mainly to a new shiny white organometallic complex identified as [Re3(μ-H)3(CO)12]. 
This organometallic complex is insoluble in anisole at r.t. but highly soluble in polar 
solvents such as acetone, CH2Cl2. The yellow solid obtained by evaporating the solvent at 
the end of the reaction, showed similar spectroscopic data as [Re2(CO)10]. In these 
reaction conditions, the formation of Re nanoparticles could not be observed. 
2.4.1.2 Control Experiments with [Ru(COD)(COT)] 
PVP-stabilized Ru nanoparticles (Ru/PVP NPs) have already been prepared in the 
team by decomposing [Ru(COD)(COT)] under 3 bar H2 at r.t. in THF.
176 1.1 nm spherical 
monodispersed nanoparticles have been obtained in these reaction conditions. Since 
anisole had never been used as a solvent to prepare Ru NPs, a control experiment was 
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carried out at r.t. in anisole with the same amount of Ru metal as used for bimetallic 
system (0.174 mmol [Ru(COD)(COT)], 4 wt.% Ru in PVP). TEM image (Figure 2.17a) 
of the crude reaction solution mainly showed monodispersed spherical nanoparticles of 
ca. 1.8(0.4) nm mean size.  
 
 
Figure 2.17 TEM Images of a) Ru/PVP NPs prepared at r.t. in anisole for 2 days and 
b) metal-containing agglomerate. The inset is the size histogram of image a. 
 
Very large objects which look like metal agglomerates were also observed on 
some regions of the TEM grid. (Figure 2.17b). The presence of these big objects may 
result from the formation of an intermediate complex issued from the evolution of 
[Ru(COD)(COT)] in the reaction conditions, like [Ru(anisole)(COD)] (Scheme 2.5). 
π-complexes of general type [(arene)(diene)Ru(0)] are known as stable194,195 at moderate 
conditions but can be dissociated at more forcing conditions. Therefore, it is expected that 
the decomposition of [Ru(anisole)(COD)] is more difficult and slower than that of 
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[Ru(COD)(COT)] at r.t. Lower kinetics for the decomposition of [Ru(anisole)(COD)] 
could lead to a slow nucleation step and hence to big objects. 
 
 
Scheme 2.5 Ligand Exchange when reacting [Ru(COD)(COT)] under 3 bar of H2 in anisole at r.t. 
 
Ru/PVP NPs were also prepared by heating [Ru(COD)(COT)] (0.174 mmol, 
4 wt.% Ru) under 3 bar H2 at 150
oC in anisole for 2 days. In comparison with previous 
experiments, bigger nanoparticles of ca. 2.3(0.4) nm were formed. They are spherical and 
well-dispersed but some of them are organized into superstructures (Figure 2.18). They 
are highly crystalline and exhibit hcp structure of Ru bulk (Figure 2.19) as previously 
reported. 176,62 The increase of Ru/PVP NPs mean size could result from coalescence of 
the NPs due to the high temperature (150oC). 
 
 
Figure 2.18 a) TEM and b) HRTEM Images of Ru/PVP NPs (4 wt.% Ru) prepared at 150oC in anisole 
for 2 days. The inset is the size histogram built from image a.  
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Figure 2.19 HRTEM Image of Ru/PVP NPs (4 wt.% Ru) prepared at 150oC in anisole for 2 days. The 
inset is fourier transform of highly crystalline nanoparticle shown in red rectangle.  
 
When the metal content was increased from 4 wt. % to 10 wt. % in PVP while 
keeping the other reaction parameters constant (3 bar H2, 150
oC; 2 days of reaction in 
anisole), sponge-like big superstructures (10-100 nm) were obtained (Figure 2.20). These 
superstructures consist of numerous small particles which have agglomerated but have 
not coalesced. As inside the superstructures the Ru NPs are very close to each other, it 
was not possible to build a size histogram, but their size is estimated to be ca. 1.5-2.0 nm 
which is more or less similar to the mean size obtained at 4 wt.% of Ru in PVP. 
 
 
Figure 2.20 a-d) TEM of Ru/PVP NPs (10 wt.% Ru) prepared at 150oC in anisole for 2 days at 
different magnifications. 
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2.4.1.3 Concluding Remarks 
The control experiments showed that (under standard reaction conditions) 
[Re2(CO)10] is not able to form individual nanoparticles. Indeed, under dihydrogen 
atmosphere and at 150oC, [Re2(CO)10] transforms into another organometallic precursor, 
[Re3(μ-H)3(CO)12], whose decomposition occurs at more forcing reaction conditions.  
On the contrary, [Ru(COD)(COT)] is easily decomposed at r.t. in THF and forms 
small crystalline Ru NPs (1.1 nm) in the presence of PVP. However, changing THF by 
anisole causes the formation of a new molecular complex namely [Ru(anisole)(COD)] 
under H2 atmosphere due to the displacement of COT ligand after hydrogenation. This 
intermediate complex is more stable than [Ru(COD)(COT)] and necessitates more forcing 
reaction conditions that leads to a mixture of individual NPs and big objects. At 150oC 
and 3 bar of H2, the hydrogenolysis of [Ru(COD)(COT)] in anisole proceeds smoothly 
and monocrystalline Ru NPs of ca. 2.4 nm mean size are formed in PVP. Such larger 
Ru/PVP NPs could be of interest to study the influence of nanoparticle mean size in a 
given catalysis while keeping the same chemical environment. These results show that by 
playing with the metal precursor finally one can orientate the nanoparticle growth. 
In comparison, RuRe/PVP NPs obtained from the mixture of [Re2(CO)10] and 
[Ru(COD)(COT)] are smaller than monometallic Ru NPs under the same reaction 
conditions. Better dispersion of Ru in the presence of Re has already been 
reported.166,127,171 These data are in favor of the formation of bimetallic RuRe NPs. 
Consequently, a combination of complementary techniques (HRTEM, EDX, EA, WAXS 
and EXAFS) was used to characterize precisely the obtained NPs as discussed in detail in 
the following part of this chapter. 
2.4.2 Characterization of RuRe/PVP NPs by HRTEM and EDX 
In order to obtain more information about their shape and crystallinity, the 
RuRe/PVP NPs were analyzed by high resolution electron microscopy (HRTEM). 
HRTEM allowed us to study selected individual nano-objects and provided direct size 
estimation, morphology and crystallographic evidences, including structural defects for 
diffracting samples. Figure 2.21 presents the HRTEM images obtained at different 
magnifications. During the analysis, it was difficult to focus on the individual 
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nanoparticles and to take good images of crystalline nanoparticles (Figure 2.21c and d). 
This might be either due to a disordered crystalline structure of the nanoparticles or to 
their transformation under the high electron beam. Therefore, the inter-atomic distances 
and fringe parameters could not be calculated owing to coalescence. 
 
 
Figure 2.21 HRTEM Images of RuRe/PVP NPs, obtained from [Ru(COD)(COT)] and [Re2(CO)10] at 
150oC in anisole in the presence of PVP, at different magnifications. 
 
The Energy-dispersive X-ray spectroscopy (EDX) analysis (Figure 2.22) of 
RuRe/PVP NPs revealed the presence of both metals in the nanoparticles. Beside Ru and 
Re peaks, Cu, O and C peaks were also observed. While Cu and C are due to the TEM 
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grid, O peak can result from the oxidation of the NPs or from the PVP matrix surrounding 
the particles.   
 
 
Figure 2.22 EDX Analysis of RuRe/PVP NPs prepared at 150 oC in anisole for 2 days. 
 
The metal content in the nanoparticles was also quantified by EDX (Figure 2.23). Similar 
results were obtained by analyzing two different regions of the grid, namely  ~18 at. % Re 
and ~82 at. % of Ru.  
 
 
Figure 2.23 Quantification of metal contents within the RuRe/PVP NPs by EDX. 
 
Moreover, the elemental analysis (EA) of purified sample exhibits a value of 
Ru:Re = 1.0:1.1 atomic ratio. Given that for the synthesis of the particles, the two metals 
were introduced in 1:1 atomic ratio, the EA results of purified samples are very close to 
the theoretical expectation. However, by EDX, only 17 at.% of Re was detected within 
the nanoparticles (~Ru0.8Re0.2). These results evidence that not all [Re2(CO)10] precursor 
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was decomposed. To pursue the characterization, advanced X-ray techniques (WAXS and 
EXAFS) which are sensitive to crystallinity of the sample and elemental specificity (bond 
distances, number and nature of neighboring atoms etc.) were required. 
2.4.3 Characterization of RuRe/PVP NPs by WAXS and EXAFS 
The Wide Angle X-Ray Scattering (WAXS) provides a set of accurate interatomic 
distances, which always defines a characteristic signature and gives access to the three-
dimensional structure. The radial distribution function (RDF) is obtained by applying 
Fourier Transform to WAXS diffraction pattern as shown in Figure 2.24. The continuous 
decrease in the intensity of RDFs enabled us to calculate the coherence length, which is 
by principle average measurements of crystalline domains for the first population, 
estimated at ca. 1.3 nm. This value is slightly smaller than the mean size of individual 
NPs calculated by TEM (ca. 1.5 nm). The discrepancy with TEM size might be due to 
size dispersion with a lot of small NPs or to polycrystallinity, where crystallites are 
smaller than total particle size. Indeed, these results are consistent with the TEM 
observations: small individual NPs of ca. 1.5 nm in size and superstructures formed of 
small NPs. In addition, WAXS measurements confirmed the hcp structure of the NPs. 
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Figure 2.24 RDF of RuRe/PVP NPs. 
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Nevertheless, given that the distances are not all derived from a crystalline structure, the 
metal-metal distance was determined only from the position of the first peak and 
calculated as 0.275 nm. This value is larger than the bond length of bulk Ru-Ru 
(0.265 nm) but very close to bulk Re-Re bond length (0.274 nm). However, this does not 
allow us to conclude about the real structure of the particles. EXAFS analyses were then 
carried out in order to understand the relative arrangement of Re and Ru. 
At the Ru K absorption edge, the Fourier transform of EXAFS function of 
RuRe/PVP NPs was compared with the function of pure Ru/PVP NPs (Figure 2.25). A 
strong decrease in the amplitude of the main peak is consistent with a much more 
disordered and eventually mixed environment around Ru atoms as expected in an alloy 
structure. 
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Figure 2.25 Fourier Transform at Ru K absorption edge of RuRe/PVP NPs (black) and pure Ru/PVP 
NPs (red). 
 
This is not the case in Re LIII edge (Figure 2.26). The first peak (ca. 1.6 Å), at 
uncorrected phase, is too short for a metal-metal bond distance and indicates the presence 
of a light element such as O, C, N. Since, a model derived from only one Re-C distance 
adjusted to 1.98 Å, fits with the first peak of EXAFS function of NPs very well, it 
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indicates the presence of significant amount of rhenium-carbon bonds. This can be due to 
the presence of rhenium carbonyl complex; presumably, it is [H3Re3CO12] that forms 
during the reaction of [Re2(CO)10] with H2 at 150
oC as previously mentioned in “Section 
2.4.1 Control Experiments”.  
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Figure 2.26 Fourier Transform at Re LIII absorption edge of RuRe/PVP NPs (black) and fit of Re-C 
path (green).  
 
To summarize, WAXS results confirm the hcp structure of RuRe/PVP NPs with 
low crystallinity. The slight discrepancy of measured coherence length (ca. 1.3 nm) with 
TEM size (ca. 1.5 nm) is probably due to size dispersion with a lot of small NPs or to 
polycrystallinity. EXAFS at Ru edge evidences the presence of a mixed environment 
around Ru thus indicating an alloy structure. However, this Ru-Re interaction could not 
be observed at the Re edge where the EXAFS function is dominated by the signal of a 
molecular complex. The X-ray results are consistent with the ones obtained by 
microscopy (TEM, HRTEM, EDX) and infra-red analyses. The microscopy analyses 
provided information about the size, shape and distribution of NPs. Two populations are 
present: small individual NPs having 1.5 nm size and big superstructures (20-100 nm) 
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accommodating agglomerated but uncoalesced small NPs, with low crystallinity. EDX 
revealed the presence of low quantity of Re within the nanoparticles (~17 wt. %). IR 
analyses evidenced the presence of rhenium carbonyl complexes.     
2.5 HDA-Stabilized RuRe Bimetallic Nanoparticles: Synthesis and 
Characterization 
It is known that changing the nature of the stabilizing agent may influence the 
morphology and surface properties of the nanoparticles due to the change in the electronic 
environment.67 Therefore, the synthesis of bimetallic RuRe NPs in the presence of a 
coordinating ligand was of interest. A weak coordinating ligand namely hexadecylamine 
(HDA) was chosen to stabilize the nanoparticles as it was previously studied in the 
team.172,176,76,77,196 The synthesis of HDA-stabilized ruthenium-rhenium nanoparticles 
(RuRe/HDA NPs) was performed by decomposition of [Ru(COD)(COT)] and 
[Re2(CO)10] either in one-pot or in two-step reaction as described in the following 
sections.  
2.5.1 RuRe/HDA Nanoparticles Synthesized in One-Pot 
One-pot synthesis of RuRe/HDA NPs (RuRe/HDA-1 NPs) was carried out 
following the standard conditions previously described for RuRe/PVP NPs (Scheme 2.6); 
namely, in anisole at 150oC under 3 bar H2 during 2 days. 
 
 
Scheme 2.6 Organometallic one-pot synthesis of RuRe/HDA NPs from [Ru(COD)(COT)] and 
[Re2(CO)10]. 
 
In a typical experiment (see Chapter 7.3.3), [Re2(CO)10], [Ru(COD)(COT)] and HDA 
(1:1:1 molar ratio) were introduced into a Fischer-Porter reactor and dissolved in anisole. 
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The reaction solution was heated to 150oC and then pressurized with 3 bar H2.  The 
homogeneous solution was kept under stirring at 150oC for 2 days. The color of the 
reaction mixture changed gradually from yellow to light brown and led to a stable dark 
brown colloidal solution. After solvent evaporation and purification of the obtained solid 
by pentane washing, RuRe/HDA-1 NPs were isolated as a sticky black compound.  
The ATR-IR spectrum (Figure 2.27) of purified RuRe/HDA-1 NPs exhibits 
absorption bands similar to those observed for HDA together with a very broad and 
intense carbonyl stretching band centered at 1944 cm-1. The shape and position of this 
carbonyl band are very similar to those of the band observed for [Re2(CO)10]. This 
evidences that remaining [Re2(CO)10] is probably present in the final solid compound, in 
spite of the purification step. This probably results from the fact that rhenium carbonyl 
complexes are not very soluble in pentane at low temperature (-30oC), usually used to 
purify NPs, thus limiting the separation of undecomposed precursor from the NPs. 
However, polar solvents like THF in which rhenium carbonyl species are soluble, also 
dissolve RuRe/HDA-1 NPs. The other IR bands at v: 3165-3326, 2847-2954, 1605 and 
1361-1466 cm-1 are attributed to N-H, C-H stretching and N-H, C-H bending of HDA 
respectively. 
 
 
Figure 2.27 ATR-IR spectra of pure HDA (blue) and purified RuRe/HDA-1 NPs (red).  
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TEM images (Figure 2.28) of the crude colloidal solution show elongated and 
spherical nanoparticles as well as metal agglomerates under the form of dark black 
anisotropic objects. Elongated NPs have already been observed previously in the team 
with various metals such as Ru, Pd, Pt and Co NPs when using HDA as stabilizer.75–
77,172,176,197,198 This shape modification may arise either from the organization of HDA in 
solution forming a “soft” template matrix or from a specific coordination of HDA on 
given faces of the growing nanocrystals.176,77,75,11  
 
 
Figure 2.28 TEM images of the crude colloidal solution of RuRe/HDA-1 NPs. 
 
TEM analyses of the washed sample (Figure 2.29) reveal both the presence of 
monodispersed spherical NPs of 2.0(0.3) nm mean size and of assemblies of individual 
nanoparticles which display a worm-like shape as previously mentioned. It is difficult to 
measure the mean diameter of the worm-like NPs but taking into account the shortest 
diameter, the mean size can be estimated to ca. 1.7 nm. The RuRe/HDA-1 NPs are found 
to be well-separated from each other. But, they have a strong tendency to organize into 
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superstructures with total absence of NPs in some areas of the grid (Figures 2.29 
and 2.30). 
 
 
Figure 2.29 a) TEM and b) HRTEM images of RuRe/HDA-1 NPs after washing with pentane.   
 
In order to obtain more information about their shape and crystallinity, the 
RuRe/HDA-1 NPs were further analyzed by HRTEM and Scanning Transmission 
Electron Microscopy mode with a High Annular Dark Field detector (STEM-HAADF). 
STEM-HAADF is highly sensitive to the Z number. With this imaging mode, the carbon 
signal is lowered due to the great difference of the rhenium and ruthenium Z numbers 
over the carbon one and allows having precise images of the nanoparticles. 
HRTEM images (Figures 2.30) show that nanoparticles are well-crystallized 
unlike RuRe/PVP NPs. The structure is unambiguously hexagonal-close packed (hcp) as 
revealed by the lattice image and its corresponding numerical diffractogram (Figure 2.30 
a and b)  in which the relative radial distances and the angles between the different pairs 
of spots are in good agreement with the spot diffraction pattern of a hcp crystal observed 
along a [11-2-3] zone axis. Moreover, the distances measured from the lattice planes 
(Figure 2.30 c) on average, correspond to 0.238 nm. Nevertheless, the lattice fringes 
calculated on the small crystallites may fit both to metallic Ru and Re. These results 
clearly indicate that the nature of the nanoparticles (Ru and Re or Ru-Re alloy) cannot be 
identified with HRTEM images and diffractograms since the lattice fringes of these 
metals are very similar and most of the Ru and Re reflections overlap. However, the EDX 
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analysis (Figure 2.31) performed on nanoparticles confirms the presence of both metals 
therefore, evidencing the alloy nature of them. 
 
 
Figure 2.30  a) HRTEM image of RuRe/HDA-1 NPs after pentane washing; b) Fast Fourier Transform 
(FFT) of the nanoparticle shown in the rectangle at the top and c) zoom of another  nanoparticle shown in 
green rectangle where “d” is lattice spacing of RuRe/HDA-1 NPs. The inset of image a is the zoom of 
nanoparticle shown in the rectangle at the top. 
 
 
Figure 2.31 a) HRTEM image of RuRe/HDA-1 NPs after pentane washing and b) corresponding EDX 
analysis. 
 
STEM-HAADF analyses (Figure 2.32) confirm the crystalline character of the 
RuRe/HDA-1 NPs. Extract information about the lattice parameters from these images is 
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not accurate since the NPs are not stable under the high electron beam. Indeed, the 
departure of atoms from the surface of the NPs during the analysis was observed, leading 
to the presence of defects on the outer shell of the RuRe/HDA NPs and free atoms on the 
grid, as shown in Figure 2.32.  
 
 
Figure 2.32 a-b) STEM-HAADF images of RuRe/HDA-1 NPs. 
2.5.2 Two-Step Synthesis of RuRe/HDA Nanoparticles 
RuRe/HDA NPs were also synthesized following a two-step procedure 
(RuRe/HDA-2 NPs), (Scheme 2.7). The objective was to form first small Ru NPs by 
decomposing [Ru(COD)(COT)] under 3 bar of H2 at r.t., at which [Re2(CO)10] is stable, 
and then grow a layer of Re on these seeds by decomposing [Re2(CO)10] at 150
oC. By this 
way, we aimed to obtain so-called core-shell nanoparticles. Tuning the composition of the 
NPs by this way may change their electronic properties and consequently their catalytic 
activity.3,5,6 
In a typical experiment (see Chapter 6.3.3), the organometallic precursors 
[Re2(CO)10], [Ru(COD)(COT)] and HDA (1:1:1 molar ratio) were introduced 
simultaneously into a Fischer-Porter reactor and dissolved in anisole. The transparent 
yellow solution was pressurized with 3 bar H2 at r.t. and kept under stirring for 18h. The 
color of the solution turned from yellow to dark brown. Then, the temperature was 
increased to 150oC and the reaction mixture was further stirred for 30 h at 150oC giving 
rise to a homogeneous dark brown-black solution. After solvent evaporation, the solid 
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residue was washed with pentane. RuRe/HDA-2 NPs were thus isolated as a sticky black 
solid as previously observed for RuRe/HDA-1 NPs sample. 
 
 
Scheme 2.7 Organometallic two-step synthesis of RuRe/HDA NPs from [Ru(COD)(COT)] and 
[Re2(CO)10]. 
 
TEM analyses of the purified sample (Figure 2.33) reveal the presence of large 
spherical NPs of ca. 3.5(0.4) nm mean size with homogeneous size distribution as well as 
of metal agglomerates similar to the ones observed in the one-pot synthesis. Moreover, 
RuRe/HDA-2 NPs also have a tendency to assemble into superstructures as indicated by 
the absence of NPs in some areas of the grid similar to one-pot synthesis. However, these 
NPs look to be better separated from each other than RuRe/HDA-1 NPs.  
 
 
Figure 2.33 a-c) TEM images of RuRe/HDA-2 NPs after pentane washing; d) size histogram obtained 
from image c. 
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 HRTEM (Figure 2.34) and STEM-HAADF (Figure 2.35) images of 
RuRe/HDA-2 NPs show that the NPs are highly crystalline adopting hcp structure. The 
numerical diffractograms of HRTEM images (Figure 2.34) indicate relative radial 
distances and angles between the different pairs of spots that are in good agreement with 
the spot diffraction pattern of a hcp crystal observed along different zone axis ([0001], 
[1-101] and [2-1-10]. However, as mentioned in the previous section, it is difficult to 
define the composition of these NPs by calculating the lattice fringes since these data fit 
both to metallic Ru and Re.  
 
 
Figure 2.34 HRTEM and corresponding FFT images of purified RuRe/HDA-2 NPs. 
 
Unlike RuRe/HDA-1 NPs, RuRe/HDA-2 NPs were found to be more stable under 
the high electron beam since STEM-HAADF images (Figure 2.35) show less free atoms 
on the grid and less defects on the outer shell of the particles. On the other hand, a careful 
observation of some electron micrographs (Figure 2.35 b and d) reveals the presence of 
a few spherical nanoparticles engaged in a coalescence process which means that 
although they are more stable than the previous ones under the electron beam, they still 
have tendency to coalesce. Moreover, some well-ordered, crystalline rectangular objects 
(Figure 2.35 c) are visible which might be due to a specific coordination of HDA on 
given faces of the growing nanocrystals. This behavior could be explored further to form 
controlled-shape nanostructures. 
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Figure 2.35  STEM-HAADF images of washed RuRe/HDA-2 NPs. 
 
In order to determine the composition of the NPs and the dark metal agglomerates, 
seen as very bright white color in STEM-HAADF images and as dark black color in 
HRTEM or STEM images, EDX analyses were applied either on a determined area 
(Figure 2.36), or isolated dots (Figure 2.37). The EDX analyses performed on NPs 
(Figure 2.36 b graph 1 and Figure 2.37 b graphs 1 and 2) confirm the existence of 
both Ru and Re elements within the NPs. On the other hand, the EDX analyses performed 
on the dark metal pieces (Figure 2.36 b graph 2 and Figure 2.37 b graph 3) reveal 
mainly the presence of Re.  
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Figure 2.36  a) HRTEM Image of RuRe/HDA-2 NPs; b) Corresponding EDX Spectra of regions 
indicated in image a. 
 
 
Figure 2.37  a) STEM Image of RuRe/HDA-2 NPs; b) Corresponding EDX Spectra of dots indicated 
in image a. 
1 
2 
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EDX elemental mapping technique is also very useful to understand the location of the 
metal atoms. Therefore, EDX elemental mapping technique was applied both on isolated 
particles and on dark agglomerates (Figure 2.38). It is clearly seen from elemental 
mapping that, the composition of dark agglomerate is mainly Re, presumably Re 
molecular complexes, whereas Ru is the main element within the nanoparticles. 
Observation of small amount of Ru on this dark agglomerate is probably due to the 
presence of nanoparticles on their top/bottom which are mainly composed of Ru. 
Although Re element was also detected on the NPs, it is very difficult to conclude on 
their structure (core-shell or alloy) given their small size. That is why X-Ray experiments 
(WAXS and EXAFS) were performed on RuRe/HDA-1 and RuRe/HDA-2 NPs to shed 
more light on NP composition. Indeed, EXAFS is a powerful technique to clarify the 
structure of nanoparticles since the neighboring atoms can be identified (See 
Section 2.5.3). 
 
 
 
Figure 2.38  a) STEM image of RuRe/HDA-2 NPs and b) zoom of the region shown in green 
rectangle; c-e) corresponding elemental mapping of Ru-Re, Ru and Re elements respectively. 
   
EDX analyses were also applied to quantify the elements within individual 
nanoparticles. The EDX results (Figure 2.39) obtained from individual nanoparticles at 
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three different regions of the microscopy grid reveal similar results with ~19 at. % Re and 
~81 at. % of Ru (Ru0.8Re0.2) within the nanoparticles. However, EA of purified 
RuRe/HDA-2 NPs (see, Chapter VI Experimental) confirms the presence of both metals 
and indicates a relative Ru:Re ratio of 1:1, as expected considering the initial amounts of 
metal introduced into the reaction medium. The difference between EA and EDX 
analyses show that only ca. 20 % of Re is involved in nanoparticle formation. The other 
80% are present as molecular complexes which could not be eliminated by the applied 
purification methods. 
 
 
 
 
Figure 2.39 Quantification of metal contents within the nanoparticles by EDX. 
 
2.5.3 X-Ray Experiments on RuRe/HDA NPs 
In order to understand the chemical order within RuRe/HDA NPs, two 
complementary X-Ray techniques (WAXS and EXAFS) which bring a global 
characterization of the whole sample, were used. RDFs of RuRe/HDA NPs obtained from 
WAXS measurements are shown in Figure 2.40. The coherence lengths from RDFs were 
estimated as 2.5 and 1.5 nm for RuRe/HDA-2 and RuRe/HDA-1 NPs, respectively. These 
values are smaller than the mean size of individual NPs calculated by TEM as previously 
observed with RuRe/PVP NPs. The discrepancy with TEM size might come from 
polycrystallinity, where crystallites are smaller than total particle size. However the 
relative size intensity and organization are still consistent with TEM analyses where 
RuRe/HDA-2 NPs are larger in size and structurally more organized than 
RuRe/HDA-1 NPs.  
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Figure 2.40 RDF of RuRe/HDA-1 (black) and RuRe/HDA-2 (red) NPs 
 
 
The Fourier transform of EXAFS functions of RuRe/HDA NPs at the Ru K 
absorption edge were compared with the function of pure Ru/PVP NPs (Figure 2.41). For 
RuRe/HDA-1 NPs, the Fourier transform presents a peak splitting and a reduction in the 
amplitude of the peaks caused by a destructive interference which is related in this case to 
a mixed environment of Ru atoms as previously indicated with RuRe/PVP NPs. On the 
other hand, the Fourier transform of RuRe/HDA-2 NPs at the Ru K (Figure 2.41) 
indicates a segregated environment. The relative intensity of the peaks is consistent with 
that observed in pure Ru/PVP NPs. A slight shift to longer bond lengths according to 
Ru/PVP NPs might be due to the presence of a coordinating ligand on the surface. 
Moreover, the experimental function of RuRe/HDA-2 NPs at the Ru K edge 
(Figure 2.42) is nearly identical to the one obtained from a model derived from only one 
Ru-Ru distance fitted to 2.67 Å. This clearly shows that Ru atoms have mostly Ru 
neighbors, evidencing a segregated Ru rich phase. 
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Figure 2.41 Fourier Transform at Ru K absorption edge of RuRe/HDA-1 NPs (blue), RuRe/HDA-2 
NPs (green) and pure Ru/PVP NPs (red). 
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Figure 2.42 Fourier Transform at Ru K absorption edge of RuRe/HDA-2 NPs (black) and a fit of 
Ru-Ru path (green). 
 
The Fourier transforms of EXAFS functions of both RuRe/HDA NPs at Re LIII edge 
(Figure 2.43) reveal similar results. In both functions, a splitting and a reduction in the 
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amplitude of the peaks were observed which point to a statistical disorder. Comparison of 
experimental Fourier transform function of RuRe/HDA-1 NPs with theoretical Re-C, 
Ru-Re and Re-Re simulations (Figure 2.44) indicate a mixed environment around Re 
atoms: in this case, Ru atoms around Re ones, and also the presence of a light element 
(Re-C) presumably, rhenium carbonyl molecular complexes. 
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Figure 2.43 Fourier Transform at Re LIII absorption edge of RuRe/HDA-1 NPs (blue), RuRe/HDA-2 
NPs (red). 
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Figure 2.44 Fourier Transform at Re LIII absorption edge of RuRe/HDA-1 NPs (black) and 
simulations of Re-C (blue), Re-Re (red) and Ru-Re (green) paths. 
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To summarize, for RuRe/HDA-1 NPs both Ru and Re edges show a mixed 
environment which signify an alloy system. For RuRe/HDA-2 NPs, the data at the Re 
edge clearly indicate the presence of Ru–Re interactions, the fact that such contributions 
are not clearly observed at the Ru edge is likely caused by a very different static disorder 
between the Ru–Ru and Ru–Re distances. This difference actually points to a system 
where a large part of the Ru atoms are assembled in a well-ordered Ru core, and the rest 
staying at the outer shell are decorated with small portion of Re atoms. This is an 
indication to a “so-called” core-shell nanoparticle type.  
2.6 Preliminary Catalytic Activities of Bimetallic RuRe NPs in 
Hydrogenation of N-Methylpyrrolidone 
Preliminary catalytic tests were performed with RuRe NPs in the hydrogenation of 
N-Methylpyrrolidone. The reason to choose this reaction was discussed earlier in 
Chapter I. Amines are high value organic compounds used in diverse area such as dyes, 
plastics, detergents and pharmaceutical industry.104  Its production from corresponding 
amides under H2 is environmentally benign since water is the only byproduct but the 
reaction is very challenging since amides are known to be thermodynamically highly 
stable carboxylic acid derivatives. Rhenium is known in the literature to induce a positive 
contribution in terms of catalytic activity and selectivity in the hydrogenation of difficult 
functional groups such as carboxylic acids and amides by reducing the binding energy of 
CO to the co-metal, which is a hydrogenation metal such as Ru or Pt, under mild reaction 
conditions.12 Therefore, under the framework of Synflow Project, we intended to design 
and prepare Re-based bimetallic catalysts for the hydrogenation of amides. 
The catalytic hydrogenations of N-Methylpyrrolidone were carried out by 
Dr. Jacorien Coetzee in Prof. David Cole-Hamilton’s laboratory at University of 
St. Andrews, Scotland. Table 2.2 summarizes the reaction conditions and catalytic 
activities observed for RuRe NPs. 
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Table 2.2 Preliminary catalysis results obtained with RuRe NPs in the hydrogenation of 
N-Methylpyrrolidinone. 
Catalyst Substrate Conditions 
Reaction 
time 
Conversion Selectivity 
RuRe/PVP 
NPs 
N-methylpyrrolidinone 
140
o
C, 30 bar 
H2,  in 
hexane 
 
 
20 h 
 
4,7 % 
 
100 % 
 
RuRe/HDA-1 
NPs 
29,6 % 
RuRe/HDA-2 
NPs 
12 % 
[substrate]/[metal] = 50; 0.05 mmol catalyst, 2.5 mmol substrate 
 
For all cases, the substrate, reaction conditions and time were kept the same for 
comparison. After 20h of reaction, the selectivity of all RuRe NPs to N-Methylpyrrolidine 
(Scheme 2.8) was found to be 100 %. However, the conversion values stayed very low. 
Among different RuRe NPs tested, alloy type RuRe/HDA-1 NPs were found to be the 
most active catalyst.  
 
 
Scheme 2.8 Catalytic hydrogenation of N-Methylpyrrolidone to N-Methylpyrrolidine. 
 
It is difficult to give a precise reason for these low catalytic activities observed 
with RuRe NPs in the hydrogenation of N-Methylpyrrolidone. It might be due to the 
presence of few Re atoms within the NPs which is expected to lead to a lower synergic 
effect or to the presence of undecomposed rhenium carbonyl complexes that may poison 
the nanoparticle surface. In addition, the adsorption of side products (H2O, CO) produced 
during the decomposition of [Re2(CO)10] under H2 might also contaminate the 
nanoparticle surfaces and reduce the catalytic activity.   
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2.7 General Conclusion of Chapter II 
In this chapter the synthesis, characterization and preliminary catalytic activities 
of RuRe NPs stabilized either by a polymer (PVP) or a ligand (HDA) have been 
described. The RuRe NPs were obtained either by co-decomposition or two-step 
decompositions of [Ru(COD)(COT)] and [Re2(CO)10] organometallic precursors in 
anisole (150oC, 3 bar H2) in the presence of  PVP or HDA. The general conclusions on 
the so-obtained bimetallic RuRe NPs can be summarized as follows: 
i) According to microscopy and X-Ray studies, it has been found that the size, atomic 
order, crystallinity (hcp) and monodispersity of the NPs increases from RuRe/PVP< 
RuRe/HDA-1 < RuRe/HDA-2 NPs. 
ii) The blank experiments performed with [Re2(CO)10] complex, show that under the 
standard reaction conditions, [Re2(CO)10] forms a trimer organometallic complex, 
formulated as [Re3(μ-H)3CO12]. This complex is stable and requires more energy to 
dissociate and form metallic Re eventually. 
iii) The blank experiments performed with [Ru(COD)(COT)] reveal that the complex 
undergoes a reaction with aromatic solvent (anisole) at r.t. that gives rise to the 
formation of a more stable compound. This compound requires more energy and 
reaction time to decompose which therefore results in bigger Ru NPs. At 150oC, the 
reaction proceeds smoothly and faster. The size of pure Ru NPs increases up to 2.5 
nm and some superstructures of individual Ru NPs are observed. Such larger Ru NPs 
could be of interest to study the influence of NP mean size in a given catalysis while 
keeping the same chemical environment. 
iv) EDX analyses of bimetallic RuRe NPs reveal the presence of low quantity of Re 
within the nanoparticles (up to 19 wt. %). On the contrary, EA of the samples 
evidence a metal atomic ratio of almost 1:1. According to EDX mapping, ATR-IR 
and EXAFS results, undecomposed molecular species of Re remain present.  
v) While WAXS data evidence the crystallinity of the NPs, EXAFS data shed some 
light on the neighboring atoms and allow us to clarify the nature of RuRe NPs. 
According to EXAFS results, one can conclude that RuRe/PVP and RuRe/HDA-1 
NPs display an alloy nature while RuRe/HDA-2 NPs exhibit a core-shell structure. 
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Since the atomic ratio within the RuRe/HDA-2 NPs does not satisfy full shell 
coverage by Re atoms on Ru seeds, it is thought that the sample consists of Ru NPs 
decorated with some Re atoms (up to 19 at. %). 
vi) The catalytic hydrogenation of N-Methylpyrrolidone carried out with three types of 
RuRe NPs show that the catalytic activity of NPs increases in the order RuRe/PVP< 
RuRe/HDA-2< RuRe/HDA-1 NPs while selectivity is 100 % for all cases. The best 
catalytic activity (30 molar % of conversion) observed with alloy type RuRe/HDA-1 
NPs might be explained by a synergetic effect of the two metals which are well-
dispersed within the NPs, electronic effect of ligand and more opened active sites 
compared to sterically hindered RuRe/PVP NPs. The low catalytic conversion values 
obtained with RuRe NPs might be due to the presence of only few Re within the NPs 
which would decrease the synergy influence or to the presence of undecomposed 
rhenium carbonyl complexes or side products (H2O, CO) formed during the 
decomposition of [Re2(CO)10] under H2 that contaminate the nanoparticle surface.  
For all cases, despite numerous attempts in these syntheses, the total 
decomposition of [Re2(CO)10] could not be achieved and the unreacted [Re2(CO)10] could 
not be totally separated from the NPs by purification. Because of the difficulties met 
using the [Re2(CO)10] as rhenium source and low catalytic activities observed with the 
synthesized NPs, another rhenium precursor was envisaged, namely 
dirheniumtetraally(II), [Re2(C3H5)4]. In the next two chapters, the synthesis and 
characterization of pure Re NPs and Re-based bimetallic NPs from [Re2(C3H5)4] 
precursor will be discussed. 
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3.1 Introduction 
In the previous chapter, the difficulties met with the decomposition of [Re2(CO)10] 
as precursor, the purification of unreacted species, the control over the composition of 
resultant bimetallic nanoparticles and their characterization have been mentioned in 
detail.  Given these difficulties, the search for a new rhenium precursor which could 
provide controlled nanoparticles with a clean surface in mild reaction conditions and a 
deep knowledge about their properties, a building block for more complex systems, 
appeared essential. The literature contains very limited reports in terms of synthesis and 
characterization of pure rhenium nanoparticles (Re NPs). To the best of our knowledge, 
the first example of Re NPs was described in 1939 by Zenghelis and Stathis199 with the 
synthesis of high oxidation state rhenium sols and revisited by Mucalo and Bullen200 in 
2001. After them, several synthetic methods have been attempted to prepare Re 
nanostructures such as wet chemical reduction,201–203 impregnation followed by reduction 
under H2 gas,
204–207 radiation,202,208,209 thermal decomposition,210 solid state thermolytic 
demixing211, lately alcohol assisted reduction212,213 and chemical vapor deposition214. 
Nevertheless, most of these reports present weak-points such as difficult synthetic 
protocols, polydispersity and/or lack of information on oxidation state of the resulting 
particles (Table 3.1). Thus, the synthesis of uniformly dispersed and well-defined Re NPs 
still remains as a challenge. 
In this chapter, the potential of the organometallic complex, 
dirhenium(II)tetraallyl ([Re2(C3H5)4]) as a precursor to form ultra-small, stable and 
reproducible Re NPs and their detailed characterization are presented. The synthesis of 
[Re2(C3H5)4] was reported by Wilkinson and co-workers in the 70s.
13 It was prepared by 
the reaction of rhenium pentachloride (ReCl5) with five moles of allylmagnesium chloride 
(C3H5MgCl) in diethyl ether under dinitrogen atmosphere. [Re2(C3H5)4] could be isolated 
as orange crystals from the resulting yellow-brown solution. The complex was first 
thought to have a similar structure as other dinuclear tetraallyl analogs ([Cr2(C3H5)4],
215
 
[Mo2(C3H5)4] 
216) which contain strong metal-metal bonds with two terminal and two 
symmetrically bridged allyl groups. However, Cotton and Extine217 reported that the 
structure of [Re2(C3H5)4] is different from that of [Cr2(C3H5)4] and [Mo2(C3H5)4] which 
are isostructural. In contrast to them, [Re2(C3H5)4] possesses a highly symmetrical D2d 
structure with unbridged, terminal η3-allyl ligands (Figure 3.1). 
  
Table 3.1 Rhenium nanoparticle systems reported in the literature.  
Reference Precursor Stabilization Method Size (nm) Nature 
200 K2ReCl6 Gum arabic Chemical reduction by N2H5 200-300 High oxidation state Re sols 
201 K2ReCl6 ---- Chemical Reduction by NaBH4 or N2H5 in aqueous media 50-550 
Ill-defined aggregates and oxidized Re 
nanoparticles 
202 NH4ReO4 AOT
# 
Radiation chemical reduction by 60Co ɣ-source 2.5-4.5 Stable nanoparticles within polar core of 
micelles Chemical reduction by polyphenol compounds 1.0-1.6 
204,206 NH4ReO4 
%75 mordenite 
%25 ɣ-Al2O3 
Evaporative impregnation of rhenium solution on the support 
following by calcination at 540oC and H2 reduction at 
500-700oC 
--- 
Unreacted Re(VII) species, Re 
nanoclusters and isolated Re atoms 
205 ReCl5 
H2SO4-treated 
mesoporous carbon 
Wetness Impregnation followed by calcination at 500oC and 
redution by H2 at 450
oC 
3.9-27.8 
(depending on the 
concentration of 
H2SO4) 
 
From small dispersed particles to big 
aggregated nanoparticles according to the 
interaction of metal and support 
208 Re2CO10 
[BMIm][BF4] Ionic 
liquid 
10 W Microwave irradiation 
2.4 ± 0.9 (TEM) 
5.7 ± 1.4 (DLS) 
Monodisperse amorphous nanoparticles 
Photolytic decomposition by 1000W Hg lamp (200-450 nm 
wavelength) 
< 1.0 (TEM) 
7.2 ± 2.2 (DLS) 
Aggregation of small nanoparticles 
209 
NH4ReO4 MPA
ŧ 
 
355 nm pulsed laser photolysis in aqueous medium 
 
20-70 Polydispersed Re nanoparticles with hcp 
structure 
Re2CO10 
5-40 
PPh3 355 nm pulsed laser photolysis 5-60 Graphite coated Re nanoparticles 
210 
NH4ReO4, Re2CO10 or 
Re4O6(OCH3)12 
Polyethylene Thermal decomposition 15 ± 0.3 Re (0) and Re oxide nanoparticles 
211 
K[ReO4]- 
NP[(O2C12H8)]3 
---- Solid state thermolytic phase demixing 2-5 
Re nanoparticles supported on graphitic 
carbon resulted from pyrolization of 
phosphazene 
212 
 
NH4ReO4 3-octanol In-situ alcohol assisted reduction 2.0 
Crystalline nanoparticles composed of 
Re(0) core with ReIVO2 surface 
207 HReO4 
Multi-walled 
Carbon Nanotubes 
Impregnation followed by redution by H2 at 800
oC 
3-10 nm and 
agglomerated NPs 
Re NPs coated carbon nanotubes 
203 K2ReCl6 or NH4ReO4 
PVP Chemical Reduction by NaBH4 in aqueous media 0.7-2.8  
Pseudo-spherical Re NPs 
AOT 
Chemical Reduction by NaBH4 in water-in-oil microemulsion 
system (n-hexane/AOT) 
0.8-1.4 
214 [Re(CH3)O3] Carbon nanotube 
Chemical vapor deposition followed by redution with H2 at 
550oC 
0.7-1.4 (diameter) 
Fcc structured Re nanowires within carbon 
nanotunes 
# Sodium bis(2-ethylhexyl)sulfosuccinate          ŧ 3-mercaptopropionic acid  
  
110 
CHAPTER III Pure Rhenium Nanoparticles from [Re2(C3H5)4] Organometallic Precursor: Synthesis, 
Characterization and Surface Studies 
 
 
Figure 3.1 Structure of [Re2(C3H5)4] complex. 
 
[Re2(C3H5)4] complex is soluble in most organic solvents but very sensitive in solution. It 
decomposes slowly in air. Its reactivity with small molecules was investigated by 
Messerle et al.218 It has been found that [Re2(C3H5)4] reacts with many small molecules 
such as CO, H2, CO2, alkenes, carbodimines, alkynes and hexahydropyrimidopyrimidine 
reagents under mild conditions. For instance, it has been reported that carbonylation 
generates [Re2(CO)10] while hydrogenation generates Re metal. The last result 
encouraged us to use [Re2(C3H5)4] as a precursor to produce Re nanoparticles using H2 as 
a reducing agent to liberate Re atoms. 
This work necessitated first a re-investigation of the synthesis of 
dirhenium(II)tetraallyl complex described by Mertis and Wilkinson13 (See Chapter VI, 
Experimental). Then, by taking advantage of this now readily available and reactive 
organometallic complex, which can be decomposed in mild conditions of solution 
chemistry (3 bar H2 in anisole at 120
oC), for the first time, very small and stable rhenium 
nanoparticles stabilized either by a polymer (polyvinylpyrrolidone; PVP) or a ligand 
(hexadecylamine; HDA) could be prepared in one-pot. The effect of reaction parameters 
such as time, temperature and stabilizer to metal ratio on the morphology of the so-
obtained Re NPs was studied. The structure and composition of these novel rhenium 
nanoparticles were determined using complementary techniques (TEM, STEM-HAADF, 
WAXS, FT-IR, MAS-NMR). Surface reactivity studies based on hydride quantification, 
CO adsorption and oxidation reactions were also performed. The surface properties of Re 
NPs were compared with that of Ru NPs since Re has a similar hcp structure as Ru and 
Ru NPs were extensively studied in the team.  
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3.2  Synthesis and Characterization of Pure Rhenium 
Nanoparticles  
First of all, a blank reaction has been carried out to study the decomposition rate 
of [Re2(C3H5)4] complex and determine the reaction temperature. [Re2(C3H5)4] did not 
decompose under 3 bar of H2 in petroleum ether at r.t. When the temperature was 
increased to 60oC for 7 h, a black precipitate formed with a light brown supernatant 
(Figure 3.2).  
 
 
Figure 3.2 Decomposition of [Re2(C3H5)4] under 3 bar of H2 at 60
oC after 7 h in petroleum ether. 
 
These results showed that [Re2(C3H5)4] is stable at r.t. but can be reduced easily at 
60oC. Consequently, it was further used as rhenium source to prepare Re NPs in the 
presence of stabilizing agents. The first attempts to prepare Re NPs were carried out to at 
60oC, in the presence of a stabilizer. The concentration of the metal, the nature of the 
solvent (anisole) and stabilizers (PVP or HDA) were kept the same as given in Chapter II 
in all experiments (see Chapter VI, Experimental) for comparison purpose. However, at 
60oC, no drastic color change was observed, indicating that in the presence of a 
stabilizing agent, the decomposition is very slow. Therefore, the reaction temperature was 
increased to 120oC (Scheme 3.1). At this higher temperature, the reaction proceeded 
smoothly in the presence of either PVP or HDA as stabilizing agents.219 The reaction was 
followed by 1H-NMR showing that total reduction of the precursor was achieved in 2 
days. 
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Scheme 3.1 Synthesis of Re NPs stabilized either by PVP or HDA from [Re2(C3H5)4]. 
 
 
The color of the reaction mixture changed gradually from light orange to light 
brown and eventually to stable dark brown colloidal solution in both cases (Figure 3.3). 
After solvent evaporation and purification by washing with pentane, PVP-stabilized 
rhenium nanoparticles (Re/PVP NPs, 10 wt.% Re in PVP) were isolated as a dark brown 
fine powder. In contrast, HDA-stabilized rhenium nanoparticles (Re/HDA NPs, 1 molar 
equiv. HDA) could only be isolated as a sticky dark brown solid. This sticky character 
probably results from the presence of long alkyl chain amines at the surface of the NPs. 
Similar behavior was previously observed with other metals like Ru, Pd and Pt75–77,172,176 
stabilized by the same amine. 
 
 
Figure 3.3 Color change of the reaction solution during decomposition of [Re2(C3H5)4] in the 
presence of PVP giving rise to a dark brown colloidal solution containing Re/PVP NPs after 2 days. 
  
113 
CHAPTER III Pure Rhenium Nanoparticles from [Re2(C3H5)4] Organometallic Precursor: Synthesis, 
Characterization and Surface Studies 
 
3.2.1 Characterization by TEM, HRTEM and STEM-HAADF 
TEM analysis of colloidal solutions of purified samples revealed the presence of 
non-agglomerated spherical NPs of 1.2(0.3) and 1.0(0.3) nm mean sizes for Re/PVP and 
Re/HDA NPs, respectively (Figure 3.4). In addition, the size distributions built from 
measurements of ca. 250 Re NPs are narrow, indicating a good control of the size. 
 
 
Figure 3.4 TEM images and corresponding size histograms of purified a) Re/HDA and b) Re/PVP 
NPs prepared at 120oC for 2 days. 
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In order to get more information about the shape and crystallinity of these nanoparticles, 
they were analyzed by HRTEM. During this analysis, it was impossible to focus on 
individual nanoparticles and only ill-defined images could be obtained (Figure 3.5). This 
might result either from the amorphous or disordered crystallographic structure of the 
particles or from their evolution under the high energy electron beam. 
 
 
 
Figure 3.5 HRTEM images of Re/PVP NPs, prepared at 120oC for 2 days, at two different 
magnifications. 
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To circumvent this difficulty, we considered STEM-HAADF which is highly sensitive to 
the Z number. With this imaging mode, the carbon signal was lowered due to the 
great difference of the rhenium Z number over the carbon one allowing to have precise 
images of the nanoparticles as mentioned in Chapter II. STEM-HAADF images of 
Re/HDA and Re/PVP NPs at different magnifications are presented in Figure 3.6. They 
confirm the presence of monodisperse, spherical NPs as observed by TEM. Nonetheless, 
the crystallinity of the NPs could not be determined yet due to their instability under the 
electron beam. 
 
 
Figure 3.6 STEM-HAADF Images of a-b) purified Re/HDA and c-d) purified Re/PVP NPs, prepared 
at 120oC for 2 days. 
3.2.2 Characterization by WAXS 
Since no information could be extracted about the crystalline structure of Re NPs, 
the nanoparticles were further analyzed by WAXS, which is a sensitive technique for 
particles less than 4 nm in size, by using solid samples of purified NPs sealed in glass 
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capillaries. In the reciprocal space, only very broad peaks were observed, as expected for 
very small particles (Figure 3.7). The intensity pattern was however in good agreement 
with a model hcp structure computed for bulk Re.  
 
 
Figure 3.7 Comparison of low-angle part diffractogram of Re/HDA NPs, prepared at 120oC for 2 
days, with the model pattern computed for hcp Re. 
 
After Fourier transform, more information could be extracted from RDFs, (Figure 3.8). 
Coherence lengths of ca.1.2 nm and 1.0 nm were found for Re/PVP and Re/HDA NPs, 
respectively. These values are in accordance with the mean sizes measured by TEM. In 
order to determine the structure of the particles, the experimental RDFs of the Re NPs 
were compared with a theoretical function computed from a very small hcp model 
(spherical; 1.3 nm) and taking into account a single and large static disorder factor. All 
the distances from the experimental RDFs adequately match the ones derived from the 
0.274 nm bond length in bulk rhenium. However the fast decay of the amplitude with 
distance shows the presence of a short range order indicative of low crystallinity. 
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Figure 3.8 RDFs of Re NPs (from top to bottom: Re/HDA NPs, hcp simulation for comparison, 
Re/PVP NPs) obtained by WAXS analysis. 
 
3.2.3 FT-IR Analysis 
The Re NPs were further characterized by FT-IR. The FT-IR spectra of purified 
Re/HDA and Re/PVP NPs (Figure 3.9) revealed absorption bands in the same region as 
for free HDA and PVP thus evidencing the presence of each stabilizer. For Re/PVP NPs, 
the bands at v(cm-1): 2874-2953, 1681, 1270-1285 and 1370-1490 are attributed to C-H, 
C=O, C-N stretchings and C-H bendings, respectively. In the case of Re/HDA NPs, the 
bands at 3331 and 2849-2954 cm-1 are assigned to N-H and C-H stretching bands, 
respectively. Furthermore, the bands at 1584, 1256-1362, 1465 cm-1 correspond to N-H, 
C-N, C-H bendings, respectively and that at 725 cm-1 to N-H wagging. The observation 
of a decrease in the intensity of N-H stretching (3331 cm-1) and a shift (from 1608 to 
1584 cm-1) in N-H bending bands of Re/HDA NPs compared to the bands of pure HDA 
ligand, might be due to σ-coordination of HDA on the surface of the nanoparticles and the 
resulting constrain of the molecular motion.  
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Figure 3.9 Top: FT-IR Spectra of free PVP (red) and Re/ PVP NPs (black), Bottom: FT-IR spectra of 
free HDA (red) and Re/HDA NPs (black). 
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3.2.4 Thermogravimetric Analysis 
In order to determine the stability of the Re NPs and the fate of the stabilizers 
(PVP or HDA) with temperature, thermogravimetric analyses (TGA) were performed for 
both systems under N2 atmosphere. First of all, the behavior of free HDA and PVP was 
analyzed by TG. Figure 3.10 shows the weight loss of HDA and PVP as a function of 
temperature. The decomposition of HDA starts at 110oC and finishes completely at 
250oC. PVP was found more stable than HDA. There is a 7 % of weight loss between 
100-370oC which might be due to adsorbed water and some hydrocarbons. The greatest 
rate of change on the weight loss curve starts at 370oC and ends at 500oC. 
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Figure 3.10 TGA analysis of a) HDA and b) PVP 
a) 
b) 
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The thermograms of both Re/HDA and Re/PVP NPs shown in Figures 3.11 and 3.12 
respectively, indicate two steps of weight loss. The first stage, which shows the minor 
weight loss in the range 8–10 % begins around 120oC and terminates around 240°C. The 
observed mass loss might correspond to desorption of solvent (anisole) adsorbed on the 
nanoparticles. The second decomposition stage starts at 250 and 330oC for Re/HDA and 
Re/PVP NPs respectively and finishes around 500oC. These weight losses are attributed 
to the decomposition of the stabilizers. The rate of mass loss reaches its maximum at 
405oC for Re/PVP NPs which is consistent with the result obtained from pure PVP 
thermograph. However, the maxima of rate of mass loss shifted from 230 oC to 320oC for 
Re/HDA NPs. This increase in desorption/decomposition temperature probably results 
from the coordination of HDA at the surface of the nanoparticles which can change the 
electronic state and therefore the stability.220 These results are in agreement with the 
presence of two different binding modes on nanoparticles (steric by PVP vs. electronic 
stabilization by HDA). 
 Calculating the percentage of metal and organic part precisely is difficult because 
the end of the curves does not show a linearity (the stepwise decrease between 400-
800oC) which indicates that the decomposition process has not finished yet. This slow 
decomposition might be related to carbide and/or oxide species of rhenium which can 
form during the pyrolysis process and probably is more stable.  
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Figure 3.11 TGA analysis of Re/HDA NPs 
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Figure 3.12 TGA analysis of Re/PVP NPs. 
 
3.3 Influence of Reaction Parameters 
Given that changing experimental parameters may induce modulation of NP 
morphology, the influence of temperature, [stabilizer]/[metal] ratio and reaction time was 
studied. 
3.3.1 Temperature 
The temperature effect was investigated by performing the synthesis at 100oC 
instead of 120oC while keeping the other parameters constant. At 100 °C, the kinetics of 
the reaction drastically slowed down, and one additional day was necessary to achieve 
total reduction of [Re2(C3H5)4] precursor. At the end of the reaction, 1.3(0.3) and 1.0(0.2) 
nm mean sizes were measured for spherical Re/PVP and Re/HDA NPs respectively by 
using TEM (Figure 3.13), showing no variation in size compared to the previous ones.  
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Figure 3.13 TEM and HAADF-STEM images of a-b) purified Re/HDA NPs and c-d) purified Re/PVP 
NPs prepared at 100oC in 3 days. The insets are size histograms corresponding to TEM images. 
 
WAXS analyses led to data in good agreement with TEM values. The WAXS 
RDFs of the nanoparticles were compared with those of Re NPs prepared at 120oC 
(Figure 3.14). The structure of as prepared Re NPs was found to be disordered hcp as in 
the previous case. These results show that the decrease of temperature from 120oC to 
100oC does not have a significant influence on the morphology of Re NPs despite it 
affects the rate of the reaction. 
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Figure 3.14 Comparison of WAXS RDFs of a) Re/HDA and b) Re/PVP NPs prepared at 120oC and 
100oC. 
 
3.3.2 [Stabilizer]/[Metal] Ratio 
Modifying the [stabilizer]/[metal] ratio clearly influenced the mean size of the 
NPs as seen by TEM (Figure 3.15). When the [HDA]/[Re] ratio was decreased from 1 to 
0.5 molar equiv., the mean size of the Re/HDA NPs increased to 1.3(0.3) nm, as expected 
in the presence of less stabilizer.75,221 In addition, these Re/HDA NPs appeared better 
dispersed and separated from each other. Finally, some Re NPs were shown to display a 
slightly elongated shape as previously observed for Ru, Pd, Pt and Co NPs when using 
HDA.75–77,172,176,197,198 This shape modification may arise from one or combination of the 
following reasons75,77,176,11,222:  
b) 
a) 
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i) The organization of HDA in solution forming a “soft” template matrix that allows 
a confinement of the particles and may favor their self-assembly into controlled shapes. 
ii) Specific coordination of HDA on the growing hcp nanocrystals leads to promote 
the growth on the compact faces and hence elongation. 
iii) Weak character of HDA as ligand which might easily be displaced from the 
surface of Re NPs; thus, favors the coalescence of the initial nanosphere particles at high 
temperature.  
 
  
 
Figure 3.15  a) TEM Image of Re/HDA NPs prepared at 120oC in 2 days with 0.5 molar equiv. of 
HDA; b) TEM Image of Re/PVP NPs prepared at 120oC in 2 days with 5 wt.% Re content. The insets are 
corresponding size histograms of the TEM images.  
b) 
a) 
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When the Re/PVP NPs were prepared with less Re (5 wt. %), a smaller NP mean 
size (1.0(0.3) nm) was obtained. These results are again consistent with the theoretical 
expectations since higher amounts of polymer can interfere in the early stage of 
nucleation and provide smaller NPs.223,224,225 This phenomenon can be explained in detail. 
At short interparticle distances, two particles are attracted to each other by van der Waals 
forces in the absence of repulsive forces. To obtain highly dispersed nanoparticles, there 
needs to be rapid nucleation and then slow controlled growth until all precursor molecules 
are consumed. To control their growth and limit aggregation, these colloids need to be 
stabilized during their formation.226 The adsorption of stabilizing agent to nucleated 
nanoparticles lowers the free energy of the surface and therefore, the reactivity of the 
particles.14 Polymers provide a physical barrier around the nanoclusters and long-chain 
amine ligands stabilize by ligation of nanoparticle surface atoms; thereby sterically 
discouraging direct contact between them.226,14 High content of stabilizer can provide this 
stabilization in early stage of growth which results in smaller nanoparticles. 
3.3.3 Reaction Time 
The influence of reaction time was also studied by increasing the time from 2 to 4 
days while keeping the temperature at 120oC and other parameters constant. However, no 
significant change was observed both in size and shape of the NPs besides a slight 
increase in the mean size of Re/HDA NPs (Figure 3.16). The mean sizes were measured 
as 1.1(0.3) and 1.2(0.3) nm for Re/PVP and Re/HDA NPs, respectively. 
 
  
Figure 3.16  a) TEM image of Re/HDA NPs prepared at 120oC in 4 days with 1 molar equiv. of HDA; 
b) TEM image of Re/PVP NPs prepared at 120oC in 4 days with 10 wt.% Re content. The insets are 
corresponding size histogram of the TEM  images. 
b) a) 
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3.4 Surface Reactivity Studies 
In addition to fundamental studies of nanoparticle synthesis (size, shape and 
organization control), there have been strong efforts in the team to understand the surface 
state of nanostructures by combining the techniques from both solid and molecular 
chemistry during the past years.11,54,57,177,227 Determining the location of the ligands and 
active binding sites of a metal particle of definite size is significant for catalysis since 
reaction rate and product selectivity may strongly depend on NP shape, size, electron 
density and location of the ligands.228 In this respect, FT-IR and NMR spectroscopies 
have been demonstrated to be helpful tools to provide a deep understanding about the 
surface state of NPs when reactive ligands such as hydrides and CO are present.  
In order to study the surface properties of Re NPs, those prepared at 120oC in 2 
days were chosen because of their easier preparation and uniform size distribution. With 
this sample, first the surface hydrides were quantified and then the surface state 
evaluation under CO and/or oxygen atmosphere was studied. 
3.4.1 Surface Hydrides Quantification 
Since dihydrogen was used as reducing agent to decompose [Re2(C3H5)4] and  
synthesize the Re NPs, the presence of hydrides at NP surface could be expected as 
already observed with Ru NPs.229 The amount of surface hydrides and their reactivity 
were monitored by a home-made titration method which is based on the hydrogenation of 
a simple olefin like norbornene229 without addition of dihydrogen (Scheme 3.2). In these 
conditions, hydrogenation of olefinic double bonds can only result from the presence of 
metal surface hydrides. 
 
 
Scheme 3.2 Reaction of hydrides present on the surface of Re NPs with 2-norbornene. 
  
127 
CHAPTER III Pure Rhenium Nanoparticles from [Re2(C3H5)4] Organometallic Precursor: Synthesis, 
Characterization and Surface Studies 
 
No significant hydrogenation of norbornene was observed at r.t. and it was 
necessary to heat the reaction mixture to observe its hydrogenation. At 80oC, the reaction 
proceeded smoothly and led to the formation of norbornane. Assuming a mean size of 1.2 
nm for Re/PVP NPs which corresponds to ca. 74% of surface Re atoms, ca. 1.1 hydride 
per surface Re atom was found (see Chapter VI, Experimental). Similarly, for Re/HDA 
NPs, 0.7 hydride per surface Re atom was calculated by assuming 1.0 nm size displaying 
ca. 81% surface atoms (Table 3.2). These results show that Re/HDA NPs display less 
surface hydrides than Re/PVP ones. 
 
Table 3.2   Quantification of surface hydrides on Re NPs 
NPs 
Formed 
Norbornane 
Size (nm) 
% Surface 
Atoms* 
H/surface Re 
Atom* 
Re/HDA  0.0173 eq 
(0.0346 H) 
1.0 81% 0.7 
Re/PVP  0.0224 eq 
(0.0448 H) 
1.2 74% 1.1 
*Approximation 
 
These results confirm that hydrides are coordinated at the Re NPs surface. In 
addition, they show that heating is necessary to induce their reactivity while in the case of 
Ru NPs surface hydrides were reactive at r.t.230–232 These experiments evidence therefore 
the strength of the coordination of hydrides on the Re metallic surface when compared to 
e.g. Ru. This is in agreement with the molecular chemistry of Re and Ru. Indeed,  
ReH7(PPh3)2
140, a classical polyhydride, is a reactive species only in forcing conditions 
whereas the corresponding RuH6(PCy3)2
58 is a highly reactive one accommodating two 
dihydrogen ligands : RuH2(H2)2(PCy3)2. 
3.4.2 CO Adsorption 
To test further the stability of surface hydrides, their substitution by CO was 
attempted. CO is an interesting probe molecule for identifying coordination sites on NP 
surface since C-O stretching frequency is highly sensitive to the nature of binding sites 
and local electron density.11,67,78,233–237 Its binding mechanism and binding modes to 
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transition metals are well understood and can be explained in terms of σ-donation of 
electron density from CO to the metal and π-backdonation from the metal to CO.234  
Moreover, the chemistry of CO is of great interest as numerous catalytic reactions contain 
CO transformations under H2 or O2.
238,239 
The reactivity of CO with Re NPs was monitored by FT-IR and NMR in the solid-
state. At r.t, the metallic surface was not found to be very reactive towards CO 
adsorption. After 3 bar of 12CO exposure at r.t. for 3h, the IR spectrum recorded for 
Re/HDA NPs (Figure 3.17) presents a symmetrical broad absorption band at 1918 cm-1 
attributed to a bridging coordination mode.240 At further reaction times (3 and 4 days) this 
peak shifts slightly to higher frequency (1934 cm-1) and does not change any more. CO 
adsorption at the surface of Re/PVP NPs in the same reaction conditions gives a weak 
broad band centered at 1960 cm-1 (Figure 3.18). It is difficult to assign this band but it 
might be an envelope consisting both bridging and terminal coordination modes.  
 
 
Figure 3.17  FT-IR spectra of a) Re/HDA NPs exposed to 3 bar 12CO at r.t as a function of reaction 
time. The inset is the zoom to carbonyl region shown by blue frame. 
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Figure 3.18 FT-IR spectra of Re/PVP NPs exposed to 3 bar 12CO at r.t as a function of reaction time. 
The inset is the zoom to carbonyl region shown by green frame. 
 
At 90 °C, the reaction of Re/PVP NPs with 12CO is slow and leads first to the 
appearance of a broad envelope composed of three bands at 1881, 1900 and 2000 cm-1. 
The first two peaks are attributed to bridging CO and the last one as terminal CO 
groups240,241 (Figure 3.19). After a longer reaction time (2-7 days), a clear separation of 
the three absorption bands is visible and the terminal band slightly shifts to higher 
frequency (2014 cm-1).  
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Figure 3.19 FT-IR spectra of Re/PVP NPs exposed to 3 bar 12CO at 90oC as a function of reaction 
time, a) Whole spectrum b) Zoom of carbonyl stretching region. 
b) 
a) 
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In the same reaction conditions, 12CO adsorption on Re/HDA NPs appeared much 
faster (Figure 3.20). At short reaction time, two CO stretching bands are visible at 1905 
and 1985 cm-1 which transform into two weak bridging CO bands at 1850 and 1925 cm-1 
and a strong terminal CO band at 1994 cm-1 at longer reaction times (2-7 days). The 
lower frequencies observed for Re/HDA NPs compared to Re/PVP ones (see terminal CO 
at 1994 against 2014 cm-1) result from different chemical environments. We assume it 
arises from the coordination of σ-donor HDA at the metal surface thus leading to higher 
electron density at the metal surface. This was previously observed for Pt77 and Pd75 NPs 
stabilized with HDA. In the case of PVP, the stabilization is considered as sterical without 
having an influence on the surface state of the NPs. 
In addition to appearance of new carbonyl bands after pressurizing Re/HDA NPs 
with 12CO, some structural changes in the IR bands of HDA were also observed. The N-H 
stretching and bending bands at 3330-3300 cm-1 and 1584 cm-1 respectively, become 
broader and shorter. Similarly there is a decrease in the intensity of C-N bending bands 
(1256-1362 cm-1) and finally, N-H wagging band at 725 cm-1 disappears completely. As it 
will be explained later (in the section of “following 13CO adsorption on Re/HDA NPs by 
MAS-NMR”), the modifications in IR bands of Re/HDA NPs after 12CO adsorption is 
due to transformation of some HDA ligand to urea, presumably dihexadecylurea. The 
typical N-H bending band at 1630 cm-1 as well as C-N stretching band at 1465 cm-1 of 
urea derivatives could easily be observed.242 The C=O stretching band expected around 
1690 cm-1 could not be observed due to broad CO signal coming from 12CO adsorbed on 
the nanoparticles.  
Moreover, the transformation of the CO signal at 1985 cm-1 into two weak 
bridging CO bands at 1850 and 1925 cm-1 may result from structural change of HDA into 
urea which provides different electronic environment on the surface. Observation of two 
bridging peaks might be either due to different bridging modes (eg. μ2 and μ3) or due to 
same CO binding mode but located near different electronic environments resulting from 
the presence of two different kinds of ligands (urea and HDA).  
 
  
132 
CHAPTER III Pure Rhenium Nanoparticles from [Re2(C3H5)4] Organometallic Precursor: Synthesis, 
Characterization and Surface Studies 
 
4000 3500 3000 2500 2000 1500 1000 500
0
20
40
60
80
100
 Re/HDA NPs
 Re/HDA NPs after 1 day 12CO adsorption at 90 oC
 Re/HDA NPs after 2 days 12CO adsorption at 90 oC
 Re/HDA NPs after 5 days 12CO adsorption at 90 oC
 Re/HDA NPs after 7 days 12CO adsorption at 90 oC
T
ra
n
s
m
it
ta
n
c
e
 (
%
)
Wavenumber (cm
-1
)
 
2100 2000 1900 1800 1700
20
40
60
80
100
T
ra
n
s
m
it
ta
n
c
e
 (
%
)
Wavenumber (cm
-1
)
 Re/HDA NPs
 Re/HDA NPs after 1 day 12CO adsorption at 90 oC
 Re/HDA NPs after 2 days 12CO adsorption at 90 oC
 Re/HDA NPs after 5 days 12CO adsorption at 90 oC
 Re/HDA NPs after 7 days 12CO adsorption at 90 oC
 
Figure 3.20 FT-IR spectra of Re/HDA NPs exposed to 3 bar 12CO at 90oC as a function of reaction 
time, a) Whole spectrum b) Zoom of carbonyl stretching region. 
b) 
a) 
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Interestingly, after 5 days of reaction under 12CO, both Re NP systems display a 
new band at 907 cm-1 (Figure 3.21), the position of which corresponds to a Re-O 
stretching.243 The appearance of this band might be due to CO dissociation on the Re 
surface. Such CO dissociation is expected to cause the formation of Re oxide and 
presumably of carbides but the latter could not be observed yet by FT-IR or MAS-NMR. 
This hypothesis is supported by a previous report from Sachtler et. al.244 who observed 
the dissociation of CO on 2% Re/Al2O3 surface.  
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Figure 3.21 Zoom of the oxide stretching region of FT-IR Spectra of a) Re/HDA and b) Re/PVP NPs 
exposed to 3 bar 12CO at 90oC as a function of reaction time. 
b) 
a) 
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More importantly, FT-IR studies provide significant information about the active 
coordination sites. In both cases, after 5 days of 12CO exposure, although the bridging CO 
groups preserve their places (1881 and 1900 cm-1 for Re/PVP NPs; 1850 and 1925 cm-1 
for Re/HDA NPs), the terminal CO groups start to shift to higher frequencies (from 2000 
to 2014 cm-1 in case of Re/PVP NPs and from 1985 to 1994 cm-1 for Re/HDA NPs) due to 
weakening of Re-CO bond on rhenium oxide (Figures 3.19 and 3.20). This is a strong 
indication that dissociation of CO proceeds exclusively on terminal groups. Bridging CO 
might be expected to be more favorable for dissociation due to having weaker C-O bond 
strength. Christmann and co-workers245 calculated that the flat and smooth Re(0001) 
surface (where bridging CO molecules are possibly oriented) does not practically 
dissociate CO (fractional dissociation is calculated as 10 %), while the 
crystallographically more open 10-10 orientation is extremely active in that respect. The 
studies showed that the CO dissociation occurs preferentially at step and defect sites in 
stepped Re-(0001) surfaces where CO is expected to bond in terminal CO mode. 
Therefore, these calculations evidence that it is not surprising to observe more 
dissociation activity on terminal CO coordination sites ather than bridging ones.  
Overall, these experiments indicate the strong binding of hydrides on the rhenium 
surface when, for instance, compared with Ru NPs.177,227 The desorption of hydrides and 
replacement by CO could only be achieved under more forcing reaction conditions 
(heating to 90oC under 3 bar of CO). The reverse reaction is also found to be difficult 
since in the presence of H2, the displacement of CO proceeds slowly and concerns 
exclusively terminal CO groups as previously observed with Ru NPs in the group227 
(Figure 3.22). 
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Figure 3.22 FT-IR Spectra of Re/12CO/HDA NPs exposed to 3 bar H2 as a function of reaction time 
and temperature. 
 
The adsorption of CO on Re NPs was also characterized by MAS NMR which 
gives significant information not only on the binding modes but also on the fluxional 
behavior of coordinated CO groups on a metallic surface. Figure 3.23 shows 13C-MAS 
NMR spectra of Re/PVP NPs exposed to 3 bar of 13CO at 90oC as a function of reaction 
time. The reaction leads first to the appearance of two weak and broad peaks centered at 
210 ppm and 198 ppm which can be respectively assigned to bridging and terminal CO 
groups, in agreement with FT-IR observations. After 5 days of 13CO exposure at 90oC, 
two terminal peaks evolve at 198 ppm and 188 ppm. The presence of spinning side bands 
indicates the absence of CO mobility on the surface of Re/PVP NPs thus meaning that 
CO is strongly coordinated and do not move further. 
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Figure 3.23 13C-MAS NMR spectra of Re/PVP NPs exposed to 3 bar 13CO at 90oC during: a) 0 day, b) 
2 days, and c) 5 days reaction time. 
 
On the spectra recorded in the CP mode (Figure 3.24), only a weak broad signal is 
observed indicating the absence of nearby hydrogen atoms.  
 
Figure 3.24 13C-CPMAS NMR spectra of Re/PVP NPs exposed to 3 bar 13CO at 90oC during: a) 0 
day, b) 2 days, and c) 5 days reaction time, * Spinning side band. 
Anisole PVP 
PVP 
* 
   a) 
   b) 
  c) 
Anisole 
PVP 
PVP 
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Similar experiments carried out with Re/HDA NPs are presented on Figure 3.25. 
13C-MAS NMR spectrum of Re/HDA NPs only shows the signals corresponding to the 
alkyl chains of HDA. The signals at δ 14.2, 22.9, 30.1 and 32.2 ppm are attributed to C16, 
C15, C4-C13, C14, carbons of the alkyl chain respectively.176,172,75 The C1-C3 carbons of 
HDA (between 27-45 ppm) are not visible. This is attributed to the coordination of HDA 
at the surface of the nanoparticles.172,76 Moreover, the chemical shift observed with 
methylene group (C4-C13) reveals the conformation of alkyl chain. While the methylene 
group in ordered alkyl amines (all trans conformation) resonate around 32-34 ppm, the 
disorderness (increase in number of gauche conformations) results in upfield shift (30 
ppm) due to ɣ-gauche effect.246,247 It is assumed that HDA is labile on the surface of the 
NPs even at solid state where it behaves as it is in solution and tumble slowly.172,76 The 
sticky nature of Re/HDA NPs sample might be due to this reason. In order to understand 
the dynamics of ligands present on the surface of the nanoparticles precisely, solution 
NMR experiments would be necessary. By this technique a fast exchange between free 
and coordinated amine ligand on Ru176,172 and Pd75,76 NPs could be previously observed 
in the team. 
The reaction of 13CO with the Re/HDA NPs leads to the appearance of a new 13C 
peak at 162 ppm attributed to the formation of a derivative of urea, presumably 
dihexadecyl urea. Similar observation was previously faced with HDA-stabilized Au248 
and Pt196 NPs. Moreover, upon CO addition, a broadening was observed for the peak 
resonating at 32 ppm. This might be due to conformational change from disordered HDA 
alkyl chain (gauche conformation) to ordered (trans conformation) urea alkyl chain. 
Overall, the formation of urea reveals an interesting reactivity of these particles for 
carbonylation reactions in the presence of amines. 
After 2 days of reaction with 13CO, a small sharp resonance is visible at 196 ppm 
together with a weak one centered at 212 ppm. After 5 days, a broad peak centered at 218 
ppm (bridging CO), and two sharp peaks at 198 and 194 ppm (terminal CO) are clearly 
observed. These results are consistent with the ones observed by FT-IR experiments as 
given in the previous section. 
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Figure 3.25 13C-MAS NMR spectra of Re/HDA NPs exposed to 3 bar 13CO at 90oC during: a) 0 day, 
b) 2 days, and c) 5 days reaction time. 
 
Furthermore, the CP-MAS spectrum (Figure 3.26) of Re/HDA NPs only shows weak and 
broad signals for HDA (14-32 ppm). This is presumably due to the mobility of the ligand 
at the metal surface. Indeed, the local mobility reduces the dipolar coupling strength 
between protons and carbons and therefore the polarization transfer in the CP-MAS 
experiment which can explain the strong depletion in the signal of HDA for pure 
Re/HDA NPs. On the contrary, after CO adsorption, a strong enhancement in the intensity 
of urea peaks was observed. As a result, CP-MAS experiments before and after CO 
addition indicate that urea alkyl chains have more rigid structure than those of HDA. 
Moreover, after CO adsorption on Re/HDA NPs, the NPs were isolated as fine powder on 
the contrary of sticky pure Re/HDA NPs. These results evidence that coordination of urea 
at Re surface is stronger and more rigid than that of amine. In addition, CP-MAS 
experiments show the disappearance of the peak for bridging CO (212 ppm) associated to 
a moderate depletion of the sharp peaks at ca. 200 ppm. These two peaks at 198 and 
194 ppm can therefore be attributed to terminal CO groups in different chemical 
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environments. The disappearance of bridging CO signal means that the polarization 
transfer is low or absent, thus evidencing the absence of protons nearby. The moderate 
depletion of terminal CO signals might be due to their proximity to a proton source which 
might be HDA ligand. Since the relative ratios of terminal signals do not change in the 
CP mode, it is presumably not due to the presence of ligands nearby but to terminal 
mono- and multicarbonyl CO groups.  
 
 
Figure 3.26 13C-CPMAS NMR spectra of Re/HDA NPs exposed to 3 bar 13CO at 90oC during: a) 0 
day, b) 2 days, and c) 5 days reaction time. 
3.4.3  Oxidation 
Given the interest for rhenium oxide as catalyst in metathesis and oxidation 
reactions131,154,249, solid samples of particles were reacted with 3 bar of dioxygen for 2 
days. The resulting NPs were analyzed by FT-IR, TEM and WAXS.  
By FT-IR, a new and intense band was visible at 907 cm-1 (Figure 3.27) which 
can be attributed to a rhenium oxygen243 bond for O2-treated Re NPs as previously 
mentioned in section “3.4.1 CO adsorption”. 
(a) 
(b) 
(c) 
dihexadecylurea 
HDA 
M
-C
≡O
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Figure 3.27 a) FT-IR spectra of oxidized Re/HDA NPs compared to Re/HDA as prepared (120oC in 2 
days with 1 molar equiv. of HDA) and b) FT-IR Spectra of oxidized Re/PVP NPs compared to Re/PVP as 
prepared (120oC in 2 days with 10 wt.% Re content). 
 
  TEM analysis did not show any variation in size nor in size distribution for 
Re/HDA and Re/PVP NPs (Figure 3.28), but some organization was visible on the TEM 
micrographs of Re/HDA NPs.  
a) 
b) 
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Figure 3.28 a) and c) TEM images, b) and d) corresponding size histograms of oxidized Re/HDA NPs 
and Re/PVP NPs respectively. 
 
  WAXS analysis (Figure 3.29) revealed a partial oxidation of Re NPs for both 
Re/HDA and Re/PVP systems. Both amplitude and coherence length were reduced, 
however the remaining peaks are still consistent with metallic Re. Moreover, the 
reduction of the coherence length is consistent with smaller metallic domains and strongly 
suggests that oxidation leads to a smaller metallic core surrounded by an amorphous shell 
of Re oxide without significant change of the overall size, as observed by TEM analysis. 
Partially oxidized Re NPs were previously observed by Abu-Omar et. al.212 during the 
catalytic dehydrogenation of secondary aliphatic alcohols using NH4ReO4 as precatalyst 
under air. These results confirm the oxidation of the Re NPs surface. It is assumed that 
more drastic conditions are necessary to obtain a full oxidation in the metallic core. 
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Figure 3.29 WAXS Analysis of oxidized a) Re/HDA NPs and b) Re/PVP NPs respectively and their 
comparison with pure Re NPs. 
 
In order to recover the rhenium zero oxidation state, both Re/PVP and Re/HDA 
NPs were reacted with 3 bar H2 at r.t. for 3 days and 1 additional day at 80°C. No 
significant change was noticed by FT-IR showing that oxidation is irreversible under 
these conditions unlike the case of Ru NPs.227 This shows again the difference in Re NPs 
compared to Ru ones in the presence of same stabilizers. 
a) 
b) 
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Finally, oxidation of Re/PVP NPs accommodating CO at their surface was also 
studied. The reaction (transformation of CO to CO2) was slow and concerned first 
terminal CO groups and, after longer reaction times both types of CO (Figure 3.30). A 
shift to higher frequency observed for the Re-CO band upon O2 exposure can be related 
to surface oxidation and hence weakening of Re-CO bond on ReOx.
250 Moreover, no CO2 
IR bands were observed around 2300-2400 cm-1, which may result from the total 
desorption of CO2 from the NP surface. Similar results were previously observed with 
Ru/PVP NPs.227 Exposing CO-adsorbed Ru/PVP NPs to air resulted in gradual decrease 
in the terminal CO group which eventually exhibits weak multicarbonyl CO groups 
linked to Run+ site and CO adsorbed in an asymmetric bridging position on oxygen 
vacancies of RuO2 surface layer. Transient CO2 coordination on RuO2/PVP NPs was 
observed by MAS-NMR but it vanishes completely at the end of the reaction. These 
results show that CO oxidation on Ru and Re follows a similar trend but the reaction 
occurs more rapidly and at milder reaction conditions with Ru than with Re. 
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Figure 3.30 FT-IR spectra of Re/12CO/PVP NPs exposed to 3 bar O2 as a function of reaction time and 
temperature. 
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3.5 General Conclusion of Chapter III 
 In this chapter, the synthesis of ultra-small Re NPs (ca. 1-1.2 nm) stabilized either 
by a polymer (PVP) or a ligand (HDA) has been described. These novel Re NPs could 
easily and quantitatively be prepared from the organometallic complex ([Re2(C3H5)4]) 
using mild reaction conditions in solution for the first time in the group and in the 
literature.219 The properties of the resulting NPs could be summarized as follows: 
i) TEM and WAXS studies show that Re NPs are monodisperse in size, display 
spherical shape and adopt a disordered hcp structure.  
ii) Slight modification of reaction parameters (temperature, time and [stabilizer]/[metal] 
ratio) did not make a significant change both in size and shape of the obtained NPs as 
it can be seen in the NP characteristics summary given in Table 3.3. 
iii) The surface properties of these Re NPs were investigated by WAXS, IR and NMR 
techniques. It appeared that these Re NPs accommodate surface hydrides which are 
strongly coordinated to rhenium in agreement with the corresponding chemistry of 
rhenium molecular complexes but in opposition to Ru NPs.  
iv) As expected, PVP leads to a steric stabilization mode, with only surface hydrides 
present on the surface. HDA was found as a weakly coordinated and mobile ligand 
on NPs surface and partially transformed into an urea derivative upon exposure to 
CO as previously observed with Pt and Au systems in the group. This structural 
change makes the nanoparticles more rigid as observed by MAS-NMR and also 
visually since the sticky nanoparticle sample is transformed into a fine powder. 
v) For both Re/HDA and Re/PVP NPs, CO binds preferably in the bridging 
coordination mode at r.t., but both bridging and terminal CO are observed at 90°C. 
This shows that energy is necessary to displace hydrides and to coordinate more CO 
molecules. Reactivity studies on CO-modified Re NPs with H2 and O2 evidenced the 
strong coordination of CO but the possibility to displace first terminal CO and 
eventually both terminal and bridging CO under oxidizing conditions.  
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vi) Reaction of the NPs with O2 is surprisingly also slow and results in partial oxidation 
leading to a decrease of the metallic core size and formation of an amorphous oxide 
shell around.  
 
Table 3.3 Summary of the characteristics of Re NPs prepared in different reaction conditions. 
Type of NPs 
Reaction 
Conditions 
[Stabilizer]/[Metal] 
Ratio 
Size Observations Morphology 
Re/PVP  
3 bar H2, 120oC,  
2 days, in anisole 
 
10 wt. % Re 1.2(0.3) nm 
Dark brown fine 
powder 
Monodisperse 
spherical NPs 
Disordered hcp 
structure 
Re/HDA  1 molar ratio 1.0(0.3) nm 
Sticky dark brown 
solid 
Re/PVP  5 wt. % Re 1.0(0.3) nm 
Dark brown fine 
powder 
Monodisperse 
spherical NPs 
 
Re/HDA  0.5 molar ratio 1.3(0.3) nm 
Sticky dark brown 
solid 
Spherical and 
elongated NPs 
 
Re/PVP  
3 bar H2, 120oC, 
4 days, in anisole 
 
10 wt. % Re 1.1(0.2) nm 
Dark brown fine 
powder 
Monodisperse 
spherical NPs 
 
Re/HDA  1 molar ratio 1.2(0.3) nm 
Sticky dark brown 
solid 
Re/PVP  
3 bar H2, 100oC,  
3 days, in anisole 
10 wt. % Re 1.3(0.3) nm 
Dark brown fine 
powder Slow reaction 
Monodisperse 
spherical NPs 
Disordered hcp 
structure 
Re/HDA  1 molar ratio 1.0(0.2) nm 
Sticky dark brown 
solid 
 
Altogether, this study provides a novel route towards monodisperse rhenium 
nanoparticles as well as basic useful information on their surface chemistry which can be 
of interest for their application in catalysis. In addition, this work opens a new approach 
for the design of advanced Re-based systems such as bimetallic nanostructures. The 
synthesis, characterization and properties of PtRe and RuRe bimetallic nanoparticles by 
using [Re2(C3H5)4] complex as a rhenium source are presented in the next chapter.
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4.1 Introduction 
In chapter II, we reported on the ruthenium-rhenium bimetallic systems from the 
literature and we described the synthesis and characterization of PVP or HDA-stabilized 
RuRe NPs prepared from [Ru(COD)(COT)] and [Re2(CO)10] organometallic precursors 
in anisole (150oC, 3 bar H2). According to the synthesis conditions, either by 
simultaneous or two-step decomposition, alloy or core-shell type bimetallic RuRe NPs 
have been obtained, respectively. Nevertheless, the results were not satisfying due to the 
incomplete decomposition of [Re2(CO)10] under applied reaction conditions which 
limited the incorporation of rhenium and led to difficulties in purification. Moreover, 
these NPs have been preliminarily tested as catalysts in the hydrogenation of N-
Methylpyrrolidone, but very low conversion values were observed, probably owing to the 
presence of by-products in the nanomaterials. 
Due to the difficulties met using [Re2(CO)10] as rhenium source and low catalytic 
activities observed with the resulting NPs, another rhenium precursor was envisaged, 
namely dirheniumtetraally(II), [Re2(C3H5)4]. As reported in Chapter III, we first explored 
reaction conditions to get the decomposition of [Re2(C3H5)4] organometallic complex. It 
could be achieved readily at 100 or 120oC under 3 bar of H2. By this way, the synthesis of 
monometallic PVP- or HDA-stabilized Re NPs as well as their surface reactivities could 
be carried out. It is important to note that the reactivity observed for the so-obtained Re 
NPs is consistent with those of rhenium molecular complexes. Knowing more about the 
ability of [Re2(C3H5)4] to provide Re NPs, we used it for  the synthesis of bimetallic 
systems. 
This chapter is thus devoted to the synthesis and characterization of Re-based 
bimetallic nanoparticles using [Re2(C3H5)4] complex as the source of rhenium. We 
investigated the preparation of core-shell or alloy type RuRe and PtRe NPs stabilized 
either by PVP or HDA. The choice of the organometallic precursors played an essential 
role since the chemical composition of the NPs strongly depend on the kinetics 
(decomposition rate) and thermodynamics (preferred location in the particle) parameters 
of the two metal precursors as well as the nature of stabilizing agent (polymer or ligand). 
The determination of the NPs’ chemical composition was performed using a combination 
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of complementary characterization techniques (TEM, HRTEM, STEM-HAADF, EDX, 
WAXS, FT-IR, MAS-NMR and EA) associated with surface reactivity studies based on 
CO adsorption and oxidation reactions. 
In this chapter, the classification and description of the NPs have been made first 
according to the metal composition in nanoparticles (RuRe or PtRe) and as a subsection, 
according to the nature of stabilizers (PVP or HDA). In the corresponding sections, 
detailed information on the properties of organometallic complexes chosen to prepare 
corresponding bimetallic NPs and the characterization of those NPs will be presented. 
4.2 Bimetallic Ruthenium-Rhenium Nanoparticles  
Two types of RuRe NPs were targeted, namely alloy and core-shell. The aim was 
first to determine the reaction conditions to get such different structures and second to 
investigate the influence of composition and morphology onto their catalytic properties. 
Due to lack of time, this second part has not yet finished and is thus not integrated in this 
manuscript. 
Concerning the synthesis of alloy type RuRe NPs, we thought to use an 
organometallic precursor of Ru having similar decomposition rate and temperature as 
those of [Re2(C3H5)4]. This was intended to obtain monodisperse nanoparticles having 
homogeneously mixed Ru and Re atoms. In order to reach this aim, [Ru(COD)(COT)] 
was discarded due to its very easy decomposition at r.t. and [Ru(Me-Allyl)2(COD)] 
organometallic complex was chosen as the ruthenium source.  
Bis(methylallyl)(cyclo-octa-1,5-diene)ruthenium(II), [Ru(Me-Allyl)2(COD)], 
complex has been described by Powell and Shaw251 in 1968 as white crystalline solid. It 
was obtained by the reaction of 2-methylallylmagnesium chloride grignard reagent with 
dichlorocyclo-octa-1,5-dieneruthenium(II), (ca. 50% yield). This complex was found to 
be soluble in benzene and light petroleum ether and insoluble in alcohols. It is not stable 
in chlorinated solvents and decomposes easily. 
The [Ru(Me-Allyl)2(COD)] complex reacts with allyl halides to give halogeno-
bridged complexes of the type [Ru2X2(Me-Allyl)2(COD)2] (X = CI or Br). On treatment 
with triphenylphosphine, COD is displaced from [Ru(Me-Allyl)2(COD)] giving 
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[Ru(Me-Allyl)2(PPh3)2]. The further reaction of  [Ru(Me-Allyl)2(PPh3)2] with carbon 
monoxide gives [Ru(CO)3(PPh3)2] and 2,5-dimethylhexa-l,5-diene.
251  Ruthenium 
polyhdride phosphine complexes have also been prepared from [Ru(Me-Allyl)2(COD)] 
complex. Under dihydrogen atmosphere, [Ru(Me-Allyl)2(COD)] reacts with PCy3 in 
toluene where the final product is [(ɳ6-toluene)RuH2(PCy3)].
252 This reaction needed to be 
performed at 70oC while the similar reaction with [Ru(COD)(COT)] was possible at r.t.175 
This difference in reactivity is the reason why [Ru(Me-Allyl)2(COD)] was chosen to 
prepare alloyed RuRe NPs. 
In the literature 1H-NMR shifts of [Ru(Me-Allyl)2(COD)] in C6D6 is given as: δ 
0.20 (2H, s, anti H of Me-allyl), 1.08-1.26 (2H, m, CH of COD), 1.45-1.70 (4H, m, CH2 
of COD), 1.56 (2H, s, syn H of Me-allyl), 1.70 (6H, s, CH3 of Me-allyl), 2.64-3.00 (4H, 
CH2 of COD), 2.88 (2H, s, anti H of Me-allyl), 3.52 (2H, d, J = 2 Hz, syn H of Me-allyl), 
3.98 (2H, dd, J = 5, 9 Hz, CH- of COD). The spectroscopic data of commercially (Sigma-
Aldrich) supplied  [Ru(Me-Allyl)2(COD)] complex (Figure 4.1) agree with those 
reported in the literature.251,253,254 Therefore, this complex was used as received without 
further purification.  
 
Figure 4.1 1H-NMR of [Ru(Me-Allyl)2(COD)] in C6D12. 
 
The first attempts to use [Ru(Me-Allyl)2(COD)]  as precursor to prepare Ru NPs 
confirmed that this complex is more stable than [Ru(COD)(COT)] and requires more 
energy for its decomposition under H2. Unreported results from a preliminary study 
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performed in the team indicated that at least a temperature of 80oC is necessary to readily 
reduce [Ru(Me-Allyl)2(COD)] under 3 bar of H2 and form monodisperse Ru NPs while r.t 
is enough [Ru(COD)(COT)] (see Chapter II). [Ru(Me-Allyl)2(COD)] complex appeared 
thus to be suitable precursor for the preparation of homogeneously mixed and disperse 
bimetallic RuRe NPs. Since more forcing reaction conditions are required for the 
reduction of [Re2(C3H5)4] complex, we considered to follow the reaction conditions 
determined for Re to be sure that both precursors would be decomposed. Therefore, the 
syntheses of alloy type RuRe NPs were carried out by applying the standard conditions 
defined for pure Re NPs as previously mentioned in Chapter III (anisole, 120oC, 3 bar H2, 
2 days). Again, the total concentration of the two metals and the stabilizers (PVP or 
HDA) were kept the same as given in Chapters II and III for all experiments (see 
Chapter VI, Experimental) in order to provide consistency.  
For core-shell type RuRe NPs (Ru core/Re shell), [Ru(COD)(COT)] was chosen 
as Ru source since the decomposition conditions of both complexes, [Ru(COD)(COT)] 
and [Re2(C3H5)4], are very different; [Ru(COD)(COT)] reacts with H2 very easily at r.t. 
while [Re2(C3H5)4]  requires more forcing conditions (see Chapters II and III). Therefore, 
sequential decomposition of these two complexes is expected to result in different 
arrangement of metal atoms in the nanoparticles. Core-shell type RuRe NPs were then 
prepared in two-step procedure. First [Ru(COD)(COT)] was decomposed under H2 
atmosphere at r.t. to form small Ru nuclei. Then the hydrogenation of [Re2(C3H5)4] was 
performed in the presence of previously formed Ru nuclei that act both as seeds and 
probably catalyst. Indeed, by following the two-step procedure by NMR spectroscopy, we 
noticed that in the presence of Ru nuclei, [Re2(C3H5)4] was totally decomposed under H2 
at 60oC while 120oC is required when the complex is alone. The detailed experimental 
data, optimization of reaction conditions and characterization of resulting nanoparticles 
will be discussed in Section 4.2.1.2. 
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4.2.1 PVP-Stabilized Bimetallic Ruthenium-Rhenium Nanoparticles  
4.2.1.1 Alloy Type PVP-Stabilized Bimetallic Ruthenium-Rhenium 
Nanoparticles 
Alloy type RuRe/PVP NPs were prepared by co-decomposition of the 
organometallic precursors [Ru(Me-Allyl)2(COD)] and [Re2(C3H5)4] in 1:1 metal ratio. 
The reaction was performed in anisole at 120oC under 3 bar H2 with a total metal content 
of 10 wt.% in PVP, the stabilizing agent (Scheme 4.1). 
 
 
Scheme 4.1 Synthesis of alloy type PVP-stabilized RuRe NPs from [Ru(Me-Allyl)2(COD)] and 
[Re2(C3H5)4]. 
 
During the reaction, the color of the solution changed gradually from yellow-
orange to brown and finally to dark brown. At the end, a stable, homogeneous colloidal 
solution was obtained. After solvent evaporation, the remaining solid was dissolved in 
d4-methanol and analyzed by 
1H NMR. The results confirmed the total decomposition of 
the two precursors. Then, the brown-black solid was purified by pentane washing and 
dried under vacuum. Finally, the nanoparticles could be isolated as a fine powder. 
EA of this fine powder revealed the presence of both metals with 3.15 wt. % and 
5.6 wt. % for Ru and Re, respectively. These values correspond to a relative Ru:Re metal 
ratio of 1.04:1, which is in good agreement with the relative ratio of metals introduced for 
the synthesis of the particles. 
TEM analyses performed on crude colloidal reaction solutions and purified 
samples after dissolving in dichloromethane, showed the presence of nanoparticles 
displaying a mean size of ca. 1.3(0.4) nm. They are homogeneous in shape (spherical) 
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with a narrow size distribution (Figure 4.2). However, in some regions of the grid, a few 
agglomerates containing individual nanoparticles were also observed.  
 
  
 
Figure 4.2 TEM images of alloy type RuRe/PVP NPs at two different magnifications. The inset is the 
size histogram built from image b. 
 
HRTEM images are presented in Figure 4.3. Unlike RuRe/PVP NPs obtained 
from the reaction of [Ru(COD)(COT)] and [Re2(CO)10] complexes under H2 
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(see Chapter II), these RuRe/PVP NPs were found to be better crystallized. This result 
indicates that the choice of precursors may play an important role on the morphology of 
the resulting nanoparticles. 
 
 
 
Figure 4.3 HRTEM Images of alloy type purified RuRe/PVP NPs at different magnifications. On 
image b) well crystallized nanoparticles are visible. 
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An HRTEM image of an isolated nanoparticle together with its Fourier transform 
are presented in Figure 4.4. This particle displays hcp pattern fully consistent with both 
Ru and Re crystalline structures. Moreover, the values of lattice fringes calculated on the 
small crystallites may fit both to those of metallic Ru and Re. 
 
 
Figure 4.4 a) HRTEM image of a crystalline alloy type RuRe/PVP NP b) FFT of this nanoparticle. 
 
As already observed (see Chapter II), these results clearly indicate that the nature of the 
nanoparticles (Ru and Re or Ru-Re alloy) in such small NPs cannot be identified from 
HRTEM images and their diffractograms due to the detection limit of microscope and 
because the lattice fringes of these metals are very similar. 
To investigate more precisely, the composition of the NPs, we used the STEM-
HAADF technique. In STEM-HAADF, the image contrast is proportional to the local 
thickness of the particle multiplied by the atoms’ Z number. This technique is useful to 
know about any chemical order in the NPs. Figure 4.5 reveals the STEM-HAADF 
images of purified RuRe/PVP NPs. Since the atomic number of carbon is much lower 
than those of metals, the carbon foil on the grid appears in black color while the metal 
atoms are seen as white-bright spots. The relative contrast of the atoms allows to extract 
more information. In the present case, the brighter white atoms represent Re atoms while 
pale ones are Ru due to the difference in their atomic numbers (75 for Re against 45 for 
Ru). 
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Figure 4.5 STEM-HAADF Images of purified alloy type RuRe/PVP NPs. The inset of image b is the 
zoom of NP shown with red frame. 
 
The intensity profile shown in Figure 4.6b, obtained for the region visible in 
Figure 4.6a, evidences the presence of lighter and heavier atoms (Ru and Re) 
sequentially within the nanoparticle, thus evidencing the bimetallic character of the NPs. 
 
 
Figure 4.6 a) STEM-HAADF image and b) intensity profile extracted from the particle center of an 
alloy type RuRe/PVP NPs. 
 
The presence of both Ru and Re atoms within the NPs was also evidenced by 
EDX analyses (Figure 4.7). However, the elemental mapping of these NPs was not 
possible due to their very small size. Therefore, the organization of the atoms within the 
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NPs could not be determined by this technique but the presence of both atoms in each 
particle could be confirmed. 
 
 
Figure 4.7 STEM images of alloy type RuRe/PVP NPs (left) and EDX analyses (right) of individual 
nanoparticles highlighted with red frame. 
 
The morphology of RuRe/PVP NPs was further investigated by WAXS technique. 
WAXS measurements confirmed that the crystalline NPs adopt the hcp structure 
(Figure 4.8). The coherence length extracted from RDFs which is a direct measurement 
of the size of crystalline domains was estimated to ca. 1.7 nm. This value is slightly 
higher than the mean size obtained by TEM analysis but still within the error limit 
(1.3(0.4) nm mean size). Since the contribution of large NPs in WAXS diffraction 
patterns is more significant, the higher value may be explained by the presence of larger 
NPs exhibiting a better crystallinity. HRTEM and STEM-HAADF images also confirmed 
the better crystallinity of the larger NPs compared to smaller ones. In addition, the 
average metal-metal bond length could be estimated from the location of the first peak of 
the RDF as 0.270 nm. This value is perfectly intermediate between values reported for 
Ru–Ru (0.265 nm) and Re–Re (0.274 nm). These data suggest a progressive 
  
158 
CHAPTER IV Re-Based Bimetallic Nanoparticles from [Re2(C3H5)4] Precursor 
incorporation of two metals (Ru and Re) within their hcp lattice thus inducing to an 
apparent reduction of the metal-metal distance. 
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Figure 4.8 RDF of alloy type RuRe/PVP NPs obtained by WAXS. 
 
In summary, the electron microscopy studies (TEM, HRTEM and STEM-
HAADF) together with X-ray analyses (EDX and WAXS) of RuRe/PVP NPs are in 
agreement with the presence of both metals inside the NPs. The apparent reduction of the 
metal-metal distance (ca. 0.270 nm) compared to those of Ru-Ru (0.265 nm) and Re-Re 
(0.274 nm) supports the alloy character of these NPs. 
4.2.1.2 Core-Shell Type PVP-Stabilized Bimetallic Ruthenium-Rhenium 
Nanoparticles 
As mentioned earlier, changing the chemical order inside a nanoparticle while 
keeping the same metal composition, may influence the rate and selectivity of a catalytic 
process.3,5,6 Therefore, by using the advantages of organometallic approach, we intended 
to synthesize RuRe NPs having a core-shell structure instead of an alloy one. 
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For that purpose, [Ru(COD)(COT)] and [Re2(C3H5)4] organometallic complexes 
were chosen as metal sources. This choice was made knowing that [Re2(C3H5)4] does not 
decompose at r.t. under H2 while [Ru(COD)(COT)] does. The idea was to have a kinetic 
control over the decomposition of the organometallic precursors as previously applied in 
the team to have segregated Rh@Fe255 and Ru@Pt256 NPs. By this way we hoped the 
reaction to proceed only through heterogeneous nucleation and hence smoothly deposit 
rhenium onto preformed ruthenium nanoparticles. 
4.2.1.2.1 Optimizing the Reaction Conditions 
The synthesis of core-shell type RuRe/PVP NPs was attempted at mildest possible 
reaction conditions in order to control the sequential decomposition of precursors and 
thus to separate well the nucleation and growth processes to obtain monodisperse NPs 
with Re deposited on Ru.  Therefore, the reaction was first performed at r.t. In a typical 
experiment, [Ru(COD)(COT)] and [Re2(C3H5)4] (Ru:Re = 1:1 molar ratio) were 
introduced together in a Fischer-Porter reactor and a THF solution of PVP was added 
under Ar atmosphere at r.t. The obtained homogeneous yellow solution was then 
pressurized with 3 bar H2. The color of the solution turned from yellow to dark brown in 
30 min.; however, the reaction mixture was kept under stirring for 3 days in order to fully 
decompose the precursors. After this period of time, a black precipitate and a dark brown 
supernatant were observed. The solvent was evaporated to dryness and the 
resulting brown-black solid was analyzed by 1H-NMR after dissolving it in d4-methanol. 
The spectrum indicated the presence of undecomposed [Re2(C3H5)4]. The relative 
quantity of undecomposed [Re2(C3H5)4] could not be determined but this result indicated 
that either the decomposition of [Re2(C3H5)4] at r.t. is very slow and requires more time 
for total hydrogenation or the reaction did not proceed at r.t. 
 In order to shed some light on the decomposition rate and sequence of precursors, 
we used NMR spectroscopy. For this purpose, a similar reaction was performed in an air-
tight high pressure NMR tube, with the same molar concentration of metals and PVP 
dissolved in deuterated THF (d8-THF). First an NMR spectrum was recorded from the 
crude solution without pressurizing the tube with H2 (t=0), Figure 4.9. The proton peaks 
corresponding to [Ru(COD)(COT)] and [Re2(C3H5)4] and PVP could be clearly 
distinguished: δ= 5.7 (m), 5.1 (m), 3.8 (m), 2.9 (m), 2.1 (m), 0.9 (m) ppm were assigned 
to [Ru(COD)(COT)] ; δ= 5.6 (m), 3.9 (t) and -0.9 (dd) ppm to [Re2(C3H5)4], the broad 
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peaks at δ=1.4-2.3, 3.2-3.8 ppm and peaks at δ= 3.6 (m), 2.3 (s), 1.8 (m) ppm to PVP and 
d8-THF, respectively.   
 
Figure 4.9 1H-NMR Study of the decomposition of a [Ru(COD)(COT)] and [Re2(C3H5)4] mixture 
under 3 bar H2 in the presence of PVP (stabilizer) and d8-THF (solvent) inside an air-tight high pressure 
NMR tube. # Pressurizing the tube with 3 bar H2. * Peak of dissolved H2. ŧ Increasing the temperature to 
60oC. 
 
Then, the NMR tube was pressurized with 3 bar H2 at r.t. and 
1H-NMR spectra were 
recorded every 15 min automatically. Figure 4.9 presents the evolution of 1H-NMR peaks 
with time under specified reaction conditions. First at r.t., disappearing of olefin ligand 
signals and appearance of cyclooctane peak (δ= 1.53 ppm) were observed without any 
significant change in the intensity of the peaks of [Re2(C3H5)4]. Moreover, two peaks 
(δ= 0.9(t), 1.3(m) ppm) appeared and grew from the beginning of the reaction until the 
total consumption of [Ru(COD)(COT)], which might correspond to hydrocarbon products 
ŧ 
(t=0) 
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resulting from the ring opening of cyclooctane. This peak remained at the same intensity 
after the hydrogenation of all [Ru(COD)(COT)]. We did not study more the origin of 
these peaks but such a study could be of interest to perform in the future. 
At r.t., no significant change was observed in the intensity of proton peaks coming 
from [Re2(C3H5)4]. Therefore, after the consumption of all [Ru(COD)(COT)], the reaction 
mixture was again pressurized with H2 and the temperature was increased to 60
oC inside 
the NMR instrument. Then, the disappearance of the peaks of [Re2(C3H5)4] could be 
observed clearly together with the evolution of dissolved H2 in the solution (δ= 4.55 
ppm). 
It should be noted that although the series of spectra showed the disappearance 
and evolution of peaks clearly, it does not represent the real time. The reaction was much 
slower in the NMR tube because of the absence of stirring. In addition, it was necessary 
to pressurize the tube several times with H2 since the available volume of H2 was not 
enough to decompose all precursors. Therefore, the reaction was repeated in a Fischer-
Porter bottle, in the same molar concentration of metals and PVP dissolved in d8-THF. 
This time, the amounts of chemicals were higher than in NMR tube (1 ml versus 10 ml 
reaction solution) and the solution was stirred with a magnetic bar. In a typical 
experiment, [Ru(COD)(COT)], [Re2(C3H5)4] and PVP were dissolved in d8-THF. Then, 
1.0 ml was taken from the yellow homogeneous solution and introduced into an air-tight 
NMR tube inside the glove-box. This solution was analyzed as starting point (t=0) by 1H-
NMR (Figure 4.10). Similar to previous case, the proton peaks corresponding to 
[Ru(COD)(COT)] and [Re2(C3H5)4] could be clearly distinguished. Then the reactor was 
pressurized with 3 bar H2 dynamically. During this time, the color of the solution turned 
from yellow to dark brown. The hydrogen was removed by vacuum and another NMR 
tube was prepared by taking 1.0 ml aliquot from the reaction solution under Ar 
atmosphere. The second spectrum (t=30 min., Figure 4.10) indicated the decomposition 
of all [Ru(COD)(COT)] and the presence of [Re2(C3H5)4]. After this, the Fischer-Porter 
bottle was again pressurized with 3 bar H2 and then heated to 60
oC. After 24h of stirring, 
the excess gas was removed from the solution and another NMR tube was prepared. The 
last spectrum (t=24h, Figure 4.10) confirmed the total decomposition of both precursors.  
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Figure 4.10 1H-NMR spectra recorded from aliquots of the reaction mixture during the synthesis of 
core-shell type RuRe/PVP NPs.  
 
In summary, the NMR experiments confirmed that the applied reaction conditions 
allowed the sequential decomposition of [Ru(COD)(COT)] (first) and [Re2(C3H5)4] 
(second). [Ru(COD)(COT)] was decomposed easily and quickly at r.t. and [Re2(C3H5)4] 
was reduced at 60oC. When comparing with the results obtained for monometallic Re NPs 
(see Chapter 3.2), 60oC is quite a low temperature to achieve decomposition of 
[Re2(C3H5)4]. This result is a strong evidence that the presence of preformed Ru nuclei 
helps the decomposition of [Re2(C3H5)4]. This could be expected as Ru NPs are known to 
be efficient hydrogenation catalysts.  
Since the total decomposition of [Ru(COD)(COT)] and [Re2(C3H5)4] could be 
achieved under H2 in two-steps (first at r.t. for 30 min., then heating at 60
oC for 24h),  
these reaction conditions were applied to prepare core-shell RuRe/PVP NPs (Scheme 
4.2). Under the lights of control experiment results (vide supra), the chemical 
composition of resulting RuRe/PVP NPs was expected to be ruthenium rich core and 
rhenium rich shell. However, the formation of bimetallic NPs does not depend only on the 
decomposition sequence of the metal precursors but other factors such as affinity of metal 
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atoms towards stabilizers and surface energies of metals can play a role. In the present 
case, PVP is known as a steric stabilizing agent without interacting with metallic surfaces. 
In addition, given that the surface energies257 of both metals are very close to each other 
(1.34 eV for Re and 1.28 eV for Ru), a surface rearrangement is not expected. Therefore, 
the morphology of resulting nanoparticles may depend mainly on decomposition kinetics 
of the two chosen precursors.  In the following part, the characterization of the so-called 
core-shell RuRe/PVP NPs will be presented. 
 
 
Scheme 4.2 Synthesis of core-shell type PVP-stabilized RuRe NPs from [Ru(COD)(COT)] and 
[Re2(C3H5)4]. 
 
4.2.1.2.2 Characterization of Core-Shell RuRe/PVP NPs  
As mentioned in the previous section, core-shell type RuRe/PVP NPs were 
prepared by sequential decomposition of the organometallic precursors [Ru(COD)(COT)] 
and [Re2(C3H5)4], in 1:1 metal ratio and with a total metal content of 10 wt.% in PVP. 
The reaction was performed under H2 pressure (3 bar) in THF first at r.t. for 30 min., then 
heating at 60oC for 24h (Scheme 4.2, vide supra). 
During the reaction, the color of the solution changed gradually from yellow-
orange to dark brown and eventually to black. At the end, similar to alloy RuRe/PVP 
NPs, a stable, homogeneous colloidal solution was obtained. After solvent evaporation to 
dryness, the remaining solid was dissolved in d4-methanol and analyzed by 
1H NMR. The 
data confirmed the absence of precursors. Then, the black solid was purified by pentane 
washing and dried under vacuum. At the end, the nanoparticles could be isolated as a fine 
powder. 
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EA of the powder revealed the presence of both metals with 3.5 wt. % and 
6.2 wt. % for Ru and Re, respectively. These values correspond to a relative Ru:Re metal 
ratio of 1.04:1, which is in good agreement with the relative ratio of metals introduced for 
the synthesis of the particles. 
TEM analyses performed on purified samples revealed spherical monodisperse 
NPs having a mean size of ca. 1.2(0.3) nm (Figure 4.11). Structurally, core-shell type 
RuRe/PVP NPs are not significantly different than alloy type RuRe/PVP NPs. They also 
exhibit a spherical shape and a mean size in the range 1.2-1.3 nm. However, core-shell 
type RuRe/PVP NPs were found to have a narrower size distribution.  
 
 
Figure 4.11 a-b) TEM images of core-shell type RuRe/PVP NPs at two different magnifications, c) 
Size histogram built from individual nanoparticles of image b. 
 
At a size of 1.2 nm, the control of segregation within a single nanoparticle is 
expected to be very difficult. For large particles (>5 nm), the control of the chemical 
order is well documented258,259 but for small particles a core–shell structure may mean the 
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deposition of one monolayer or less of a metal onto another one. In the case of a hcp 
nanoparticle, a diameter of approximately 1.2 nm corresponds to a magic number of 55 
atoms with more than two-thirds of the atoms located at the surface. In this case, a phase 
segregated bimetallic particle, would contain less than one monolayer of one metal on the 
other. Such a precise control is difficult by chemical means but can be achieved by 
employing smooth procedures such as organometallic approach. In a similar way 
segregation of RuPt NPs could be achieved in small scale (ca. 1.6 nm).256 
HRTEM images obtained for core-shell type RuRe/PVP NPs are presented in 
Figure 4.12. Similar to alloy type RuRe/PVP NPs, these NPs were also found to be 
crystalline adopting a hcp structure (Figure 4.13). 
 
 
Figure 4.12 HRTEM Images of core-shell type purified RuRe/PVP NPs at different magnifications. In 
image b) well-crystallized nanoparticles are visible. 
 
 
 
Figure 4.13 a) HRTEM image of a crystalline core-shell type RuRe/PVP NP b) Fast Fourier 
Transform (FFT) of this nanoparticle. 
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STEM-HAADF images of purified core-shell RuRe/PVP NPs are presented in 
Figure 4.14. The spherical crystalline NPs could clearly be observed with this imaging 
mode due to the great difference of the metals’ (Ru and Re) Z numbers over the carbon 
one allowing to have precise images of the nanoparticles. 
 
 
 
Figure 4.14 STEM-HAADF Images of purified core-shell type RuRe/PVP NPs at different 
magnifications. 
 
However, unlike alloy type RuRe/PVP NPs, these NPs were found to be less stable under 
the high electron beam. The departure of atoms from the surface of the NPs during the 
analysis was observed, leading to the presence of defects on the outer shell of the 
nano-objects and isolated atoms on the grid, as shown in Figure 4.14.  
From the contrast difference observed on the images, the location of atoms of 
different natures in core-shell type NPs can be identified. For instance, a hollow contrast 
in the core and brighter contrast at the periphery would be an indication of a core-shell 
nanoparticle, where the heavier element like Re would located at the outer shell and 
lighter element like Ru would be in the core. Such a contrast difference could not be 
observed in STEM-HAADF images. However, as mentioned earlier, it is not expected to 
have a real core-shell structure in such a small scale due to the insufficient amount of 
metal (Ru:Re = 1:1 mol ratio) to cover all the surface. Although some variations in the 
contrast of NPs were observed, it was not possible to determine the exact location of Ru 
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and Re atoms within the NPs by this technique but the presence of both atoms within the 
NPs was confirmed by EDX analyses (Figure 4.15).  
 
 
 
Figure 4.15 STEM images of core-shell type RuRe/PVP NPs (left) and EDX analyses (right) of 
individual nanoparticles highlighted with red frame. 
 
WAXS technique was further used in order to gain more structural information. 
WAXS measurements confirmed the presence of crystalline NPs adopting hcp structure 
(Figure 4.16) with a coherence length of ca. 1.5 nm. Similar to alloy type RuRe/PVP NPs 
(see previous section), this value is slightly higher than the mean size determined by TEM 
analysis but still within the error limit. Since the contribution of large NPs in WAXS 
diffraction pattern is more significant, the higher value may be explained by the presence 
of larger NPs exhibiting a better crystallinity. 
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Figure 4.16 RDF of core-shell type RuRe/PVP NPs obtained by WAXS. 
 
WAXS diffraction pattern of core-shell RuRe/PVP NPs was compared with the 
ones of alloy RuRe/PVP NPs in order to identify any structural changes (Figure 4.17). 
Both NPs give almost the same diffraction pattern due to their hcp structure and similar 
fringe parameters where metal-metal bond distance was estimated in both cases to 2.7Å 
from the first peak of RDF. Thus, microscopy and WAXS studies were not conclusive on 
the nature of these nanoparticles. Therefore, an additional technique was employed to 
shed more light on the nature of the nanoparticles, namely surface investigation as shown 
in the following section.  
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Figure 4.17 Comparison of RDFs of core-shell and alloy type type RuRe/PVP NPs obtained by 
WAXS. 
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4.2.1.3 Surface Investigation of RuRe/PVP NPs 
As mentioned in the previous sections, WAXS and HRTEM data did not allow us 
to conclude unambiguously about the distribution of Ru and Re in alloy or core-shell type 
NPs mainly because both metals adopt hcp structure with crystal parameters very close to 
each other. Therefore, in order to pursue the investigation, complementary techniques 
were considered. Probing the surface of colloids by studying CO adsorption via IR and 
NMR is an effective approach to identify their composition.260,261 CO adsorbs on metallic 
surfaces in different binding modes (linear, multicarbonyl or bridging) which may depend 
on the nature of metals and on their surface structure. Dramatical changes of 
wavenumbers of adsorbed CO may occur depending on the binding modes.261 In the 
team, we investigate the surface state and reactivity of nanoparticles by this way, in 
particular to determine the location and dynamics of adsorbed CO groups but also 
hydrides or ancillary ligands.177,227 Recently core-shell and alloy structures of bimetallic 
RuPt systems could be clarified like this.89,262  
Surface state probing of RuRe/PVP NPs was carried out by CO adsorption and 
oxidation reaction in the solid state both followed by FT-IR and MAS-NMR (with or 
without CP) spectroscopies after pretreatment with 3 bar H2 at r.t. for 16h. After oxidation 
reaction, the NPs were also analyzed by WAXS and TEM. 
CO Adsorption onto RuRe NPs 
The reactivity of CO at the surface of bimetallic RuRe/PVP NPs was monitored 
by FT-IR and NMR in the solid-state after H2-pretreatment (3 bar, r.t., 16h). The reactions 
were first performed at r.t. Then, the samples were heated to 90oC. This procedure was 
chosen since we know that hydrides, resulting from the synthesis method, can be 
substituted from the surface of Ru NPs at r.t. while heating is required in the case of Re 
(see Chapter III). 
After treatment with 12CO (3 bar, r.t., 3h), the IR spectrum recorded for alloy type 
RuRe/PVP NPs (Figure 4.18) presents two absorption broad bands at 2032 and 1972 cm-1 
that can be attributed to adsorbed CO onto Ru in terminal and bridging coordination 
modes, respectively. At longer reaction times (72 and 96h), the intensity of these bands 
increased without change in position. The position and intensity of these bands are in 
good agreement with those previously observed for Ru colloids.54,56,263 As expected given 
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the previous results with pure Re NPs (see Chapter 3.4.2), no bands corresponding to CO 
adsorbed on Re were detected at r.t. These results show that there are Ru atoms on the 
surface of alloy type RuRe/PVP NPs where CO can coordinate either in bridging or in 
terminal mode.   
When the samples were heated at 90 °C under 12CO, a low and broad band at 2118 
cm-1 and a complex envelope composed of at least three bands (2058, 2028-2008, 1982 
cm-1) were visible. Upon longer reaction times (2 and 3 days) at 90oC, the intensity and 
location of these bands did not change significantly. The broad bands between 2028-2008 
cm-1 can be attributed to CO adsorbed on Re atoms in terminal mode. The bands at 2058 
and 1982 cm-1 can be assigned to the stretching frequencies of terminal and bridging CO 
molecules respectively, linked to Ru and presumably to RuO2 surface layer due to the 
shift observed at higher wavenumber.227 The small IR broad band at 2118 cm-1 can be 
assigned as the frequency of CO adsorbed on Run+ sites of RuO2.
227 In addition, very 
quickly after heating under 12CO atmosphere, a broad shoulder appeared at 904 cm-1 
which can be assigned to Re-O stretching band. These results may indicate that at 90oC, 
CO starts to dissociate on the surface of the NPs which may lead to partial oxidation and 
a shift of the IR bands towards higher wavenumbers. It should be noted that CO 
dissociation seems to start immediately after heating RuRe NPs while CO dissociation 
was observed after 5 days of reaction at 90oC for pure Re NPs (see Chapter III).  
These FT-IR studies give significant information about the chemical surface 
composition of NPs. The IR bands fit very well with IR frequencies of CO adsorbed on 
Ru and Re; therefore, these data support the existence of both metals on the surface as 
expected for a strong indication of an alloy structure. Moreover, in comparison with pure 
Ru and Re, the association of Ru and Re in NPs influenced strongly the dissociation of 
CO at the metallic surface. This can be assigned to a synergic effect as can be expected 
with bimetallic systems. 
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Figure 4.18 FT-IR spectra recorded for alloy type RuRe/PVP NPs after treatment with 3 bar 12CO as a 
function of temperature and reaction time. The inset is a zoom of the same FT-IR spectra in the range of 
870-920 cm-1. 
 
 
The CO adsorption on the surface of RuRe NPs was also followed by MAS-NMR 
in solid state. Figure 4.19 shows 13C-MAS NMR spectra recorded for alloy type 
RuRe/PVP NPs reacted with 3 bar 13CO at r.t. (Figure 4.19 b), then at 90oC as a function 
of reaction time (Figure 4.19 c-d). The reaction leads first to the appearance of a small 
sharp peak at 204 ppm which can be attributed to CO bonded on Ru in a terminal mode. 
The absence of spinning side bands for this peak indicates that CO is mobile on the 
surface and it is presumed that CO moves from only Ru sites. Upon further reaction time 
(4 days) at r.t., the intensity of this peak increased and a new peak appeared at 199 ppm. 
The appearance of such a peak at 199 ppm might be due either to saturation of Ru surface 
with CO and starting of multicarbonyl attachment or to the adsorption of CO on Re 
atoms. After heating the NPs at 90oC for 2 days under 13CO, only a single sharp peak is 
visible at 199 ppm. In these conditions, all hydrides are presumably substituted by CO 
and the metal surface is saturated which may result in a single peak for terminal mode. 
Therefore, both Ru and Re accommodate CO groups which are mobile on the surface. 
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The observation of a very small spinning side band indicates that the mobility of CO on 
bimetallic RuRe NPs is lower compared to the mobility of CO on pure Ru NPs but more 
mobile than CO adsorbed on pure Re surface. 
 
 
Figure 4.19 13C-MAS NMR spectra recorded for alloy type RuRe/PVP NPs: a) crude NPs as a 
reference, b) 3h, c) 96h under 3 bar 13CO  at r.t. and d) 48h under  3 bar 13CO  at 90oC. * Spinning side 
band. 
 
The spectra recorded in the CP mode (Figure 4.20) show a strong depletion in the 
intensity of CO peaks indicating the absence of hydrogen atoms nearby or the presence of 
only few ones. 
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Figure 4.20 13C-CPMAS NMR spectra recorded for alloy type RuRe/PVP NPs: a) crude NPs as a 
reference, b) 3h, c) 96h under 3 bar 13CO  at r.t. and d) 48h under  3 bar 13CO  at 90oC. * Spinning side 
band. 
 
It is known that CO can tune the atomic composition of the surface of bimetallic 
NPs according to the affinity of the two metals to this molecule.57 However, since the 
surface energies257 and CO adsorption-desorption energies of Ru and Re are very close to 
each other (adsorption of CO on Ru55 and Re55 clusters in ɳ
2-bridging binding mode was 
calculated as -46.8 and 49.6 kcal/mol, respectively by the group of R. Poteau, LPCNO, an 
on-going study), no surface rearrangement is expected on RuRe NPs after CO adsorption. 
In order to confirm this hypothesis, a TEM grid was prepared after reaction of alloy type 
RuRe/PVP NPs with CO. TEM images did not show any variation in size and shape of 
these NPs.  
The adsorption of CO on core-shell type of RuRe/PVP NPs was found to proceed 
differently. Figure 4.21 presents the FT-IR spectra recorded for core-shell RuRe/PVP 
NPs as a function of time in the specified reaction conditions. In contrast to alloy type 
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RuRe/PVP NPs, after 3h of reaction at r.t., the core-shell RuRe/PVP NPs exhibit a 
symmetrical broad band at 1982 cm-1 which can be attributed to bridging CO on Ru 
atoms. Upon further reaction times (72 and 96h), the intensity of this band increases and 
becomes broader with a small shift to higher frequency (1993 cm-1), which presumably 
reveals the presence of bridging and terminal CO groups. After heating the NPs at 90oC, a 
low and broad peak appears at 1895 cm-1, which can be assigned as bridging CO on Re. 
In addition, the broad symmetrical band at 1993 cm-1 becomes broader and shifts to 
higher frequency (2005 cm-1) while its intensity does not change significantly even with 
longer reaction time. This band might be an envelope accommodating terminal CO 
adsorbed on Ru and Re. In contrast to the previous case, we did not observe any peak at 
904-907 cm-1 for Re-O stretching band, as expected in case of CO dissociation. This 
result might be an indication that in mild conditions CO dissociation does not take place 
at the surface of core-shell type RuRe NPs in opposite to alloy type RuRe NPs. This 
result is consistent with the previous observation where a lower catalytic activity was 
observed with core-shell RuRe/HDA-2 NPs compared to alloy type RuRe/HDA-1 NPs in 
the hydrogenation of N-Methylpyrrolidone mentioned in Chapter II. 
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Figure 4.21 FT-IR spectra recorded for core-shell type RuRe/PVP NPs exposed to 3 bar 12CO as a 
function of temperature and reaction time. 
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The FT-IR data reveal that CO is coordinated to both Ru and Re thus supporting 
that both metals are accessible at the metal nanoparticle surface. However, in contrast to 
previous alloy type NPs, in this case, adsorption of CO on Re in a bridging mode could be 
observed. This might result from the presence of rhenium in more extended area where 
two or more Re are close together, in other terms a Re-rich surface. 
By 13C-MAS NMR, besides a peak at 124 ppm, assigned to 13CO2 due to the 
possible partial surface oxidation of NPs while performing the experiment, we could 
observe that the reaction of 13CO with core-shell RuRe/PVP NPs leads first to the 
appearance of a very broad peak centered at 220 ppm and a weak broad peak at 196 ppm 
(Figure 4.22). The first peak might be attributed to bridging CO on Ru atoms and the 
latter one might be terminal CO adsorbed either on Ru or Re. It is presumably on Ru 
since no significant hydride substitution is expected on Re at r.t. The broad character of 
this peak may result from the presence of few Ru atoms in diverse chemical 
environments. These results are consistent with FT-IR observations. Upon longer reaction 
time (96h), the intensity of these two peaks increased without changing the positions. 
Heating the NPs at 90oC for 2 days under 3 bar 13CO resulted in a decrease in the 
intensity of bridging CO and an increase in terminal CO area where two different terminal 
CO peaks could be distinguished at 199 and 195 ppm. The strong spinning side bands of 
these terminal CO peaks indicate the absence of CO mobility on the surface of core-shell 
RuRe/PVP NPs. This would mean that CO is strongly coordinated and do not move 
further. This result is consistent with previous observation for Re/PVP NPs where CO 
does not move on the rhenium surface. This result strongly supports the existence of a 
rhenium rich surface in these bimetallic NPs. The presence of a large quantity of rhenium 
over ruthenium atoms may prevent the further motion of CO on the surface of the NPs.  
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Figure 4.22 13C-MAS NMR spectra recorded for core-shell type RuRe/PVP NPs: a) crude NPs as a 
reference, b) 3h, c) 96h under 3 bar 13CO  at r.t. and d) 48h under  3 bar 13CO  at 90oC. * Spinning side 
band. 
 
The spectra recorded in the CP mode (Figure 4.23) show the disappearance of all 
CO peaks indicating the absence of nearby hydrogen atoms. 
 
Figure 4.23 13C-CPMAS NMR spectra recorded for core-shell type RuRe/PVP NPs: a) crude NPs as a 
reference, b) 3h, c) 96h under 3 bar 13CO  at r.t. and d) 48h under 3 bar 13CO  at 90oC. * Spinning side band. 
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Surface Oxidation 
In order to investigate the resistance of bimetallic nanoparticles towards oxidation, 
the solid samples of particles were reacted with 3 bar O2 for 2 days. The resulting 
nanoparticles were analyzed by TEM and WAXS. 
After oxidation, TEM analysis did not show any variation in size nor in size 
distribution for alloy type RuRe/PVP NPs (Figure 4.24 a-b), but differences were visible 
on the TEM micrographs of core-shell type of RuRe/PVP NPs (Figure 4.24 c-d), in 
particular agglomeration. 
 
 
Figure 4.24 TEM Images of oxidized a-b) alloy type RuRe/PVP NPs and c-d) core-shell type 
RuRe/PVP NPs. 
 
WAXS analysis (Figure 4.25) of O2-treated alloy-type RuRe/PVP NPs revealed a 
partial oxidation on the NPs. In fact, both amplitude and coherence length were strongly 
reduced, while the remaining peaks are still consistent with a metallic character. 
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Moreover, the reduction of the coherence length is in accordance with smaller metallic 
domains and strongly suggests that oxidation led to smaller metallic cores surrounded by 
an amorphous shell of RuRe oxide without significant change of the overall particle size, 
as observed by TEM analysis. This result is very similar to that observed with pure Re 
NPs (see Chapter III).   
  
 
 
Figure 4.25 a) Low-angle part diffractograms; b) RDFs of alloy type RuRe/PVP NPs before (red) and 
after (green) oxidation. 
 
a) 
b) 
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On the contrary to alloy type RuRe/PVP NPs, O2-treatment of the core-shell type 
RuRe/PVP NPs led to completely amorphous NPs which lost their metallic character 
(Figure 4.26). 
 
 
 
Figure 4.26 a) Low-angle part diffractograms; b) RDFs of core-shell type RuRe/PVP NPs before (red) 
and after (green) oxidation. 
 
a) 
b) 
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The different results observed after oxidation of the two samples of RuRe/PVP 
NPs show that their nature is different. Alloy type RuRe/PVP NPs are presumably more 
resistant to oxidation due to the homogeneous distribution of both metals within the NPs 
which may prevent further oxidation until the core. Indeed, Re is more oxophilic than Ru 
but Re-O bond is much stronger than Ru-O bond and Re can accommodate more oxygen 
atoms given its higher oxidation state. This may limit the diffusion of oxygen atoms 
within the core of NPs. On the other hand, core-shell RuRe/PVP NPs probably have a Ru 
core decorated with Re atoms. So, some Ru atoms are still present on the surface.  
Therefore, any oxidation may result in diffusion of oxygen in the whole NPs leading to 
total oxidation and their disintegration. 
In summary, both CO adsorption and oxidation studies indicate that the surfaces 
of RuRe/PVP NPs, synthesized by following two approaches, have different chemical 
composition and experimental results suit well with the expected structures (alloy or 
core-shell) of RuRe/PVP NPs. 
4.2.2 HDA-Stabilized Ruthenium-Rhenium Nanoparticles 
4.2.2.1 Alloy Type HDA-Stabilized Bimetallic Ruthenium-Rhenium 
Nanoparticles 
In this section, the metal sources, [Ru(Me-Allyl)2(COD)] and [Re2(C3H5)4], were 
kept the same but instead of a sterical stabilizing agent (PVP), a coordinating ligand, 
namely hexadecylamine (HDA) was used as a stabilizer. The objective was to study the 
influence of the electronic properties of this ligand on the characteristics (size, shape, 
composition) of the final nanoparticles. In addition, this part is complementary to the 
previous ones devoted to RuRe/HDA NPs prepared from  [Ru(COD)(COT)] and 
[Re2(CO)10]  complexes and Re/HDA NPs synthesized from [Re2(C3H5)4] complex 
(Chapters II and III, respectively). 
HDA-stabilized RuRe NPs (RuRe/HDA NPs) were prepared by co-decomposition 
of organometallic precursors [Ru(Me-Allyl)2(COD)] and [Re2(C3H5)4] with 1:1 metal 
ratio in the presence of 1 molar equiv. of HDA (Scheme 4.3). The reaction conditions (3 
bar H2, 120
oC, anisole, 2 days) were kept the same as given in Section 4.2.1.1. The aim 
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was to decompose both precursors simultaneously and obtain alloy type NPs with 
homogeneously distributed metal content. 
 
 
Scheme 4.3 Synthesis of alloy type HDA-stabilized RuRe NPs from [Ru(Me-Allyl)2(COD)] and 
[Re2(C3H5)4]. 
 
During the reaction, the color of the solution changed gradually from light orange 
to brown and eventually to very dark brown. At the end, a homogeneous colloidal 
solution was obtained. However, keeping the solution under argon for 3 days resulted in 
the formation of a precipitate. After solvent evaporation and washing with cold pentane, 
the brown-black solid was dried under vacuum. Finally, the nanoparticles could be 
isolated as a sticky black solid which was used for further characterizations. 
TEM analyses performed on crude colloidal reaction solutions showed the 
formation of spherical nanoparticles displaying a mean size of ca. 2.1(0.5) nm dispersed 
in an organized manner on TEM grids (Figure 4.27). This size is very close to that 
observed for RuRe/HDA-1 NPs (ca. 2.0 nm)  (see Chapter II) and higher than the size of 
pure Re/HDA NPs (ca. 1.0 nm) synthesized under the same reaction conditions 
(see Chapter III).  
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Figure 4.27 a-b) TEM Images of RuRe/HDA NPs from crude solution, c) size histogram of spherical 
nanoparticles built from image b.  
 
Surprisingly, TEM images obtained from the purified NPs revealed polydisperse, 
irregular shapes in contrast with the ones observed from crude reaction mixture (vide 
supra). These NPs were found to be unstable and to have a tendency to coagulate. As 
seen on HRTEM images, two different populations co-exist (Figure 4.28). Worm-like 
small nanoparticles, which are in the process of coalescence and large irregular shaped 
NPs. It is difficult to make a precise size analysis of these nanoparticles size and shape 
polydispersity. Nevertheless, the mean size of the larger NPs was estimated to be around 
4.0 nm while that of the smaller ones ca. 1.4 nm.  
The TEM images clearly indicate that bimetallic RuRe NPs are not stabilized 
enough with HAD in the reaction conditions applied. This can result from the weak 
coordinating character of this ligand. HDA is probably labile on the metallic surface, even 
in the solid state, inducing coalescence of NPs that are attached by van der Waals forces. 
The labile behavior of HDA ligand has already been discussed in Chapter II for pure 
Re/HDA NPs. Moreover, the presence of two metals may change the electronic properties 
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of NPs and thus their surface electrophilicity.261 If the surface is electronically rich, HDA 
is expected to be less coordinated on the surface at the NPs. This might result in 
insufficient protection around the NPs and further in coalescence. The modification in the 
electronic properties of bimetallic nanoparticles compared to monometallic ones, is 
attracting increasing attention and is today studied intensively to understand the synergy 
effect with mixed metals in catalysis.260,261 
 
 
 
Figure 4.28 HRTEM images of purified RuRe/HDA NPs at different magnifications. 
 
Although the RuRe/HDA NPs are unstable and tend to agglomerate, they are highly 
crystalline adopting a hcp structure (Figure 4.29).  However, as mentioned in previous 
sections it was not possible to extract any information in terms of chemical order because 
of the close proximity of the lattice parameters of both metals (Ru and Re). 
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Figure 4.29 HRTEM image of purified RuRe/HDA NPs; b) zoom of the crystalline nanoparticle 
shown by white frame c) FFT of crystalline nanoparticle.  
 
EDX analyses technique was used to analyze the metal contents within 
nanoparticles. The quantitative EDX results (Figure 4.30) obtained from two different 
regions of the microscopy grid revealed similar results with ~44 at. % Re and ~56 at. % 
of Ru (Ru0.56Re0.44). These values are very close to theoretically expected ones since 
initially 1:1 molar ratio of metals was introduced into the reaction medium. 
 
  
 
Figure 4.30 Quantification of metal contents within the RuRe/HDA NPs by EDX. 
 
EDX analyses were also performed on three individual NPs (Figure 4.31). In each case, 
the presence of both metals (Ru and Re) was confirmed. 
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Figure 4.31 STEM Image of alloy-type RuRe/HDA NPs and EDX Spectra obtained for individual 
nanoparticles indicated in red color. 
 
4.2.2.2 Core-Shell Type HDA-Stabilized Bimetallic Ruthenium-Rhenium 
Nanoparticles 
The synthesis of core-shell type HDA-stabilized RuRe NPs was also carried out 
following the same reaction conditions as for core-shell type RuRe/PVP NPs 
(Section 4.2.1.2). THF was chosen as a solvent again due to its inertness towards 
[Ru(COD)(COT)] complex and also its ability to dissolve all the reagents. 
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 In a typical experiment, [Ru(COD)(COT)] and [Re2(C3H5)4] were introduced into 
a Fischer-Porter reactor and dissolved in THF. This solution was cooled down at -20oC by 
liquid N2-ethanol mixture before the addition of a cold THF-solution of HDA. It was 
performed like this to prevent any ligand exchange between [Ru(COD)(COT)] and HDA. 
The cooling bath was removed and the reaction mixture was immediately exposed to 3 
bar H2 dynamically for 30 min. During this time the color of the solution turned from 
yellow-orange to dark drown and the temperature of the solution came to r.t. Then H2 
bottle was disconnected from the reactor and this latter was immersed into an oil bath pre-
heated to 60oC. The reaction mixture was kept under stirring at this temperature for 24h 
under 3 bar H2. At the end of the reaction, a homogeneous dark brown solution was 
obtained. On the contrary to alloy type RuRe/HDA NPs (vide supra), no precipitate was 
observed. The excess gas was removed and solvent was evaporated. The resulting dark 
brown solid was dissolved in C6D12 and analyzed by 
1H NMR (Figure 4.32). The 1H 
NMR spectrum revealed the presence of peaks attributed to [Re2(C3H5)4] beside the peaks 
of HDA and C6D12 solvent. 
 
 
Figure 4.32 1H-NMR Spectrum recorded from the crude solid, obtained after evaporating THF from 
the reaction of [Ru(COD)(COT)] and [Re2(C3H5)4] under 3 bar H2 in the presence of HDA, after dissolving 
in C6D12. * Proton peaks coming from [Re2(C3H5)4]. 
 
grease 
C6D12 
* 
* 
* 
HDA 
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The EA performed on purified NPs indicated the presence of 27.9 wt.% of Ru and 
25.1 wt% of Re. These values correspond to a relative Re:Ru metal ratio of 0.5:1. 
According to this result, only 50 molar % of rhenium from [Re2(C3H5)4] complex, are 
involved in the nanoparticle formation, showing a lack of decomposition of this complex. 
This experiment reveals the importance of careful choice of stabilizing agent and 
reaction conditions in the design of complex nanoparticle structures. Presumably, HDA 
coordinates at the surface of small ruthenium nanoclusters formed at the beginning of the 
reaction and limits the access of [Re2(C3H5)4] at their surface. This probably decrease the 
hydrogenation of [Re2(C3H5)4] at Ru nanoclusters’ surface (see Section 4.2.1.2). 
TEM images of the reaction mixture and purified solid revealed the presence of 
monodisperse nanoparticles (Figure 4.33). The mean size of the nanoparticles was 
calculated as 1.9(0.3) nm. These NPs appeared stable without agglomeration in contrast 
to previous alloy type RuRe/HDA NPs. 
 
 
Figure 4.33 TEM images from a-b) crude reaction mixture and c-d) purified solid after dissolving in 
toluene. The inset is the size histogram built from purified NPs. 
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On the basis of these last results, it appears that the lack of stability might be 
related to the chemical order in the particles. It is possible that stronger Re-N bonds 
stabilize the particles whereas when more Ru is on the surface, coalescence is favored. 
4.2.3 Concluding Remarks on Ruthenium-Rhenium Nanoparticles 
To sum up, bimetallic RuRe NPs were prepared by co- or two-step 
decompositions of ruthenium and rhenium organometallic complexes 
([Ru(Me-Allyl)2(COD)] or [Ru(COD)(COT)] and [Re2(C3H5)4]) in the presence of PVP 
or HDA as stabilizing agents.  
PVP-stabilized RuRe NPs resulted in stable colloidal solution and their purified 
solids revealed the presence of monodisperse, hcp crystalline nanoparticles 
accommodating both Ru and Re atoms. When HDA was used as stabilizer while keeping 
the other parameters constant, alloy type RuRe NPs were found to be highly unstable in 
solution leading to their evolution while core-shell ones remained stable due to possible 
stronger Re-N bond in particle stabilization. As the result of coalescence of small alloy 
RuRe/HDA NPs into larger ones, irregular shapes were observed by electron microscopy. 
Nevertheless, EDX analyses confirmed the presence of both metals (Ru and Re) within 
the nanoparticles. In spite of their unstable character, HDA-stabilized bimetallic 
nanoparticles can be of interest in catalysis since nanoparticles of different sizes and 
shapes were obtained which might be explored for orientating catalytic activity and 
selectivity. 
It has been shown that by tuning the reaction conditions (containing precursors, 
solvent, temperature and time) it is possible to prepare nano-objects having two metals in 
different morphologies. By this approach, two types of RuRe/PVP NPs (alloy and “so-
called” core-shell) have been prepared. The microscopy and X-ray analyses were not 
conclusive enough to confirm the nature of the NPs due to their small size and the same 
crystalline structures of both metals. Surface reactivity studies (CO adsorption and 
oxidation reactions) have been used as complementary approach in order to identify more 
clearly the arrangement of atoms within the NPs.  
Altogether, the analysis techniques and surface reactivity studies evidence the 
formation of alloy-type NPs from the reaction of [Ru(Me-Allyl)2(COD)] and 
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[Re2(C3H5)4] complexes with H2 at 120
oC in the presence of PVP in anisole. It was 
observed that, owing to synergy effect of two metals, the dissociation of CO on the 
surface of these NPs is easier than with monometallic Re/PVP NPs. Dissociation was 
observed immediately after heating the bimetallic NPs while an induction period was 
necessary with pure Re NPs. This result is very important regarding catalytic 
transformations of CO-groups. Moreover, alloy type RuRe/PVP NPs were found to be 
resistant to oxidation as the result of the presence of Re well dispersed within NPs. 
Similarly to previous observations with pure Re/PVP NPs, oxidation of alloy type 
RuRe/PVP NPs led to a metal(0) core and an oxide shell structure without any change in 
size and shape.  
In the case of core-shell type RuRe/PVP NPs, the structure of the NPs is believed 
to be “Re atoms-decorated Ru NPs”. Due to the small size of these NPs (1.2 nm) where 
78% of atoms are on the surface, and the introduction of 1:1 molar ratio of metals for 
synthesis, the full coverage of preformed Ru NPs with Re atoms to form a shell could not 
be achieved. The Ru NPs could be only decorated with some Re atoms on their surface. 
NMR and FT-IR data obtained for these NPs revealed significant differences in 
comparison with alloy type RuRe/PVP NPs ones. On the contrary to alloy type 
RuRe/PVP NPs, the dissociation of CO could not be observed and these NPs were found 
to be not resistant to oxidation leading to amorphous non-metallic nanoparticles.  
In order to get more information on the precise nature of these nanoparticles 
another X-ray technique, namely EXAFS is also of interest. EXAFS is a powerful 
technique to determine the neighboring atoms, as already used to identify the chemical 
composition of RuRe/HDA NPs in Chapter II. Such investigation EXAFS is currently on-
going. As a perspective, it would be of interest to engage other Ru:Re metal ratios for 
NPs synthesis and study the influence of this parameter. 
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4.3 Bimetallic Platinum-Rhenium Nanoparticles 
Supported platinum-rhenium (PtRe) alloys have been extensively used as catalysts 
in industry because they are highly active in naphtha reforming for the production of 
gasoline with high octane number. Due to stability, reactivity and selectivity concerns of 
PtRe alloys, numerous works have been focused on the preparation of carbon or oxide 
supported bimetallic PtRe systems to be catalysts. 
Bimetallic PtRe catalysts are usually prepared by impregnation of an oxide 
support (TiO2, Al2O3, CeO2, ZrO2 etc.) with aqueous solution of metal salts, followed by 
calcination and reduction under H2.
264 Another approach consists in the use of bimetallic 
clusters as precursors. For instance PtRe/Al2O3 catalyst was prepared from deposition of 
[PtRe2(CO)12] on γ-Al2O3 and treatment under H2 pressure at 400
oC. 265 This method is 
advantageous to preserve Pt-Re bond and bimetallic interactions in the final form of the 
catalyst. 
PtRe catalysts have been applied in diverse catalytic reactions such as 
hydrogenation,12,266 dehydrogenation,266 hydrogenolysis,267–270 reforming,271–275 C-C bond 
cleavage276 and water-gas shift reactions.277–280 In most cases, the addition of rhenium to 
platinum resulted in higher stability and catalytic activity. It is believed that Re limits the 
agglomeration of Pt, thus increasing its stability over the catalyst. Indeed, the main 
problems in supported Pt catalysts are leaching and deactivation caused by coke 
formation.281 
In the majority of the cases, the formation of PtRe alloy is claimed and a 
synergetic effect resulting from the association of the two metals is reported as the main 
reason of their superior selectivity and stability. Alloying Re with Pt certainly changes to 
some extent the Pt active sites and consequently the catalytic properties. The alloying 
nature of Pt and Re when deposited onto oxide supports was found to be dependent on the 
hydroxyl groups present at the surface of the support. For instance the pretreatment of 
Al2O3 at drastic conditions, leading to dehydroxylation of the alumina surface, results in 
Pt-Re segregation. On the contrary, treatments at moderate conditions preserve surface 
hydroxyl groups and favor the transport of ReOx species to Pt during the reduction step 
and leads to sintering of metals.282 In addition, it has been reported that the treatment of 
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the reduced catalysts with dioxygen above 200oC results in segregation of platinum and 
rhenium oxides but oxidation up to 100oC keeps intact their alloy character.283 
To the best of our knowledge, there is no systematic approach for the synthesis 
and characterization of bimetallic PtRe NPs although some articles269,270,272,284 mention 
the formation of nanoparticles during catalyst preparation or catalytic process. In 
addition, the described protocols involve harsh reaction conditions with high temperature 
and pressure. Therefore, our work was extended to the synthesis of bimetallic PtRe NPs 
by taking advantage of our usual approach. In the following section, detailed information 
about the synthesis and characterization of alloy type PtRe NPs will be discussed. 
4.3.1 PVP-Stabilized Bimetallic Platinum-Rhenium Nanoparticles  
PVP-stabilized bimetallic platinum-rhenium nanoparticles were prepared by using 
[Re2(C3H5)4] and two different platinum precursors, namely [Pt(CH3)2(COD)] and 
[Pt(C7H10)3]. Changing the platinum source led to different nanoparticle morphologies. 
4.3.1.1 Synthesis of PVP-Stabilized Platinum-Rhenium Nanoparticles 
from [Pt(CH3)2(COD)] and [Re2(C3H5)4] Organometallic Complexes 
In order to prepare alloy-type PVP-stabilized PtRe NPs (PtRe/PVP NPs), 
[Pt(CH3)2(COD)] organometallic complex was chosen as Pt precursor since i) it contains 
alkyl and olefin ligands which can be hydrogenated to methane and cyclooctane, inert to 
platinum surface, ii) its decomposition can be followed easily by NMR and iii) it can be 
decomposed at rate and temperature (110oC) very similar to those of [Re2(C3H5)4]. Given 
these three important aspects, [Pt(CH3)2(COD)] was thought to be a suitable precursor to 
obtain well-ordered alloy type PtRe NPs. 
[Pt(CH3)2(COD)] has already been employed as a precursor in the team to prepare 
monometallic Pt88,196 and bimetallic RuPt90,256 NPs. In the presence of an amine, 
[Pt(CH3)2(COD)] allowed the formation of Pt NPs of various morphologies. For instance, 
the use of a long alkyl chain amine (e.g. HDA) led to the formation of multipodal 
nanoparticles which transformed at longer reaction times into compact nano-objects with 
cubic, truncated cubic or cubooctahedral shapes. In contrast, the use of a diamine (e.g. 
1,8-diaminooctane, DAO) gave rise the growth of compact (111) arrow like faces, 
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forming polycrystalline desert-rose type nanoparticles. In bimetallic RuPt NPs stabilized 
either by a polymer (PVP)256 or a coordinating ligand (dppb),90 only spherical shaped 
nanoparticles were observed. 
In this study, alloy-type PtRe/PVP NPs were prepared under the same reaction 
conditions as for alloy-type RuRe/PVP NPs (see Chapter 4.2.1). In a typical experiment, 
[Pt(CH3)2(COD)] and [Re2(C3H5)4] (1:1, Pt:Re metal ratio) complexes were co-
decomposed in anisole at 120oC under 3 bar H2 in the presence of PVP (10 wt.% total 
metal content in PVP) as stabilizing agent (Scheme 4.4). 
 
 
Scheme 4.4 Synthesis of alloy type PtRe/PVP NPs from [Pt(CH3)2(COD)] and [Re2(C3H5)4] 
complexes. 
 
During the reaction, the color of the solution changed gradually from light orange 
to brown and eventually to black. At the end, a stable, homogeneous colloidal solution 
was obtained. After solvent evaporation, the remaining solid was dissolved in 
d4-methanol and analyzed by 
1H NMR. The results confirmed the total decomposition of 
both precursors. Then, the dark black solid was purified by pentane washing and dried 
under vacuum. Finally, the nanoparticles were isolated as a fine powder. 
EA of PtRe/PVP NPs revealed the presence of both metals with 4.30 wt. % and 
4.35 wt. % for Pt and Re respectively. These values correspond to a relative Pt:Re metal 
ratio of 1:1.06, which is very close to the relative ratio of metals introduced for the 
synthesis of the particles (1:1 molar ratio). 
HRTEM analyses (Figure 4.34) performed on purified samples revealed the 
formation of non-agglomerated nanoparticles but polydisperse in size. Three different 
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populations were distinguished: very small NPs of ca.1.6 nm mean size, medium size NPs 
displaying a mean diameter of ca. 3.0 nm and large NPs of ca. 4.5-5 nm. 
 
 
Figure 4.34 a-b) HRTEM images of purified PtRe/PVP NPs synthesized from [Pt(CH3)2(COD)] and 
[Re2(C3H5)4] complexes, c) corresponding size histogram built from individual NPs. 
 
HRTEM images at higher magnifications (Figure 4.35) revealed the presence of 
isotropic spherical NPs as well as anisotropic NPs displaying tripodal or tetrahedral 
shapes. Anisotropic structures of mono or bimetallic Pt NPs have been reported by many 
researchers285–289 including our team77,88 depending on reaction conditions and stabilizing 
agents. In particular, the shape control of Pt NPs was observed when decomposing 
[Pt(CH3)2(COD)] in the presence of a coordinating ligand (amine) which orientated the 
growth of the NPs thanks to its adsorption onto selected metal faces.88 In the present case, 
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the stabilizer is PVP which provides a steric stabilization and is inert toward the NP 
surface. Consequently, the different populations of NPs here observed cannot be 
explained by a stabilizer effect. It could result from the characteristics of the 
organometallic complexes used as precursors. Whiteside and co-workers290,291 studied the 
reaction and kinetics of (diolefin)dialkylplatinum(II) complexes, being [Pt(CH3)2(COD)] 
one of them, with dihydrogen in the presence of a platinum black catalyst. They reported 
that (diolefin)dialkylplatinum(II) complexes are reduced by dihydrogen liberating alkanes 
and Pt(0) atoms in the presence of platinum black catalyst but without adding any 
stabilizer. This Pt(0) incorporates onto the surface of platinum black and catalysis the 
further reduction of the complexes where the rate is dependant on mass transport of 
dihydrogen to the catalyst surface and surface area of the catalyst. 
 Based on the observations of Whiteside, we can propose that the reduction of 
[Pt(CH3)2(COD)] is also autocatalytic thanks to preformed Pt(0) atoms and that in the 
presence of rhenium and a stabilizing agent, the kinetics of reduction may orientate the 
nanoparticle growth in different directions and lead to different morphologies. 
 
 
Figure 4.35 HRTEM images of purified PtRe/PVP NPs synthesized from [Pt(CH3)2(COD)] and 
[Re2(C3H5)4] complexes. 
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STEM-HAADF analyses performed on purified NPs provided more information 
both on their shape and crystallinity (Figure 4.36). The NPs are highly crystalline but 
exhibit twins and stacking faults. The existence of atoms that are orientated in different 
zone axes might result from the presence of both Re and Pt in segregated environment. 
 
 
Figure 4.36 STEM-HAADF images of purified PtRe/PVP NPs, synthesized from [Pt(CH3)2(COD)] 
and [Re2(C3H5)4] complexes, at different magnifications. 
 
The FFT analyses performed on images of crystalline NPs revealed that the NPs 
are polycrystalline (Figure 4.37). HRTEM images showed only large crystalline NPs 
exhibiting an hcp structure in all case. Fcc arrangement could only be observed in STEM-
HAADF images presumably due to the resolution of the microscope which is better than 
in HRTEM. The detection of both crystalline structure (hcp and fcc) can be explained by 
a phase segregated arrangement of atoms within the NPs. Following this hypothesis, Re-
rich nanoparticles would display hcp structure while Pt-rich ones would display a fcc 
packing. 
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Figure 4.37 HRTEM (top left) and STEM-HAADF images (middle and bottom left) of purified 
PtRe/PVP NPs and corresponding FFT images (right). 
 
EDX analyses performed on determined zones (Figure 4.38) and also on 
individual nanoparticles (Figure 4.39), pale or bright area, revealed in all case, the 
presence of both metal atoms (Pt and Re). However, the extent of alloying, i.e. the exact 
amount of atoms within one nanoparticle, could not be determined due to non-sufficient 
signal for quantification.  
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Figure 4.38 Top: STEM image of purified PtRe/PVP NPs synthesized from [Pt(CH3)2(COD)] and 
[Re2(C3H5)4] complexes, Bottom: EDX analyses of the zone highlighted by the green rectangle. 
 
 
Figure 4.39 Left: STEM/HAADF images of purified PtRe/PVP NPs synthesized from 
[Pt(CH3)2(COD)]  and [Re2(C3H5)4] complexes, Right: Corresponding EDX analyses of individual 
nanoparticles highlighted in the red frames. 
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RDFs obtained from WAXS measurements on purified solids confirmed the 
crystalline character of the NPs with fcc pattern and a coherence length of ca. 2.5 nm 
(Figure 4.40). However, shifting of metal-metal distances to smaller values and weak 
deviations from the theoretical fcc pattern were observed. That can be explained by an 
alloying of Re within Pt crystal structure. The data obtained from the reciprocal space of 
the diffractogram appeared more informative (Figure 4.41). Very broad peaks are 
observed, as expected for very small particles. The intensity of the peaks is however in 
better agreement with a fcc model structure computed for Pt60Re40 than for pure Pt, 
especially at higher angles.  
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Figure 4.40 RDF of PtRe/PVP NPs synthesized from [Pt(CH3)2(COD)]  and [Re2(C3H5)4] complexes. 
 
 
Figure 4.41 Comparison of low-angle part diffractogram of PtRe/PVP NPs, synthesized from 
[Pt(CH3)2(COD)]  and [Re2(C3H5)4] complexes, with the model patterns computed for fcc Pt (pink), 
Pt60Re40 (blue). 
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To conclude, ICP, TEM, EDX and WAXS analyses all evidence the existence of 
both Pt and Re metals in the nanoparticles; however, the extent of alloying could not be 
determined accurately with these techniques. By considering the electron microscopy and 
WAXS analyses data, a hypothesis can be proposed. The NPs display a polycrystalline 
nature where both hcp and fcc arrangements are observed. Hcp arrangement could only 
be observed on HRTEM images for big NPs, >4 nm, whereas fcc packing was observed 
on STEM-HAADF images for smaller NPs, 2-4 nm. In addition, HRTEM and STEM-
HAADF images revealed many twins and stacking faults in the NP structure. WAXS 
analysis indicated a contracted fcc structure with a coherence length of ca. 2.5 nm. 
Altogether these results evidence a segregated arrangement of the two metals within the 
NPs with the presence of Pt or Re rich areas. Presumably Re-rich zones (hcp structure) 
display a larger size (>4 nm) as observed by HRTEM, while Pt-rich ones (fcc structure) 
exhibit a smaller size (<4 nm)  as determined both by WAXS and STEM-HAADF 
techniques. 
4.3.1.2 Synthesis of PVP-Stabilized Platinum-Rhenium Nanoparticles 
from [Pt(C7H10)3] and [Re2(C3H5)4] Organometallic Complexes 
Since polydisperse and polycrystalline NPs were obtained from [Pt(CH3)2COD], 
another organometallic complex was envisaged as Pt source. At this concern, 
trisnorbornene platinum(0), [Pt(C7H10)3], appeared to us as an interesting alternative 
given it contains olefinic ligands (norbornene) which can be hydrogenated easily into 
alkanes (norbornane), inert toward the surface of growing NPs, under mild reaction 
conditions. The experiments carried out with this organometallic complex are preliminary 
and the reaction conditions still need to be improved. However, the first experiments 
performed at r.t. with [Pt(C7H10)3] and [Re2(C3H5)4] in the presence of PVP in THF gave 
very promising results.  
 In a typical experiment, [Re2(C3H5)4] and [Pt(C7H10)3] (1:1 molar equiv. of Re:Pt) 
were dissolved in THF with PVP (10 wt. % of total metal content in PVP). While stirring 
the reaction mixture at r.t. in the absence of H2, the color of the reaction solution started 
to change from orange to light brown which is an indication of decomposition or the 
formation of a new complex. After pressurizing the reactor with 3 bar H2 at r.t., the color 
turned immediately to black and a black precipitate formed. The reaction mixture was 
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stirred for 24h, then, the solvent was evaporated and the residue was dissolved in d4-
methanol. 1H-NMR spectrum recorded from the crude solid dissolved into indicated the 
absence of signals corresponding to the two metal precursors and thus confirmed their 
total decomposition. The crude solid was then washed with pentane (3 x 40 ml) and dried 
overnight under vacuum. At the end, a black fine powder was obtained. 
 TEM analyses (Figure 4.42) performed on the purified solid showed very small, 
spherical and monodisperse NPs having a mean size of ca. 1.5(0.3) nm. 
 
 
Figure 4.42 a-b) TEM images of purified PtRe/PVP NPs synthesized from [Pt(C7H10)3], and 
[Re2(C3H5)4] complexes, c) Corresponding size histogram built from individual nanoparticles. 
 
 HRTEM images (Figure 4.43) of purified solid confirmed the monodisperse and 
spherical nature of the nanoparticles. Moreover, they were found to be crystalline. 
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Figure 4.43 a-b) HRTEM Images of purified PtRe/PVP NPs synthesized from [Pt(C7H10)3], and 
[Re2(C3H5)4] complexes. c) Zoom of the region highlighted in red rectangle and corresponding FFT of the 
image.  
 
The EDX analyses performed on both determined zones (Figure 4.44) and 
individual NPs (Figure 4.45) revealed the presence of both metal atoms (Pt and Re), thus 
evidencing the bimetallic character of the particles. In addition, quantitative EDX results 
(Figure 4.44 inset) obtained from two different regions of the microscopy grid revealed 
similar values where ~54 at. % Re and ~46 at. % Ru (Pt0.46Re0.54 => Pt:Re, 1.0:1.2) are 
present within the nanoparticles. These values are very close to the theoretically expected 
ones since a relative 1:1 molar ratio of metals was introduced for the synthesis.  
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Figure 4.44 Left: STEM images of purified PtRe/PVP NPs synthesized from [Pt(C7H10)3], and 
[Re2(C3H5)4] complexes, Right: EDX analyses of rectangular area shown on the images. The insets are the 
elemental analysis obtained from the NPs. 
 
 
Figure 4.45 Left: STEM/HAADF images of purified PtRe/PVP NPs synthesized from [Pt(C7H10)3], 
and [Re2(C3H5)4] complexes, Right: Corresponding EDX analyses of individual nanoparticles highlighted 
with a red rectangle. 
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RDFs obtained from WAXS measurements on PtRe/PVP NPs evidenced their 
crystalline character and a pattern which is close to the hcp structure obtained for Re/PVP  
NPs (Figure 4.46). However, some deviations exist on the pattern which might result 
from insertion of Pt within hcp structure of Re, as expected for an alloy system. In 
addition, the coherence length of PtRe/PVP NPs was calculated from RDF as ca. 1.5 nm 
which is in good agreement with data obtained from TEM analysis. This is a strong 
indication that the nanoparticles are fully crystalline.  
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Figure 4.46 Comparison of RDFs of PtRe/PVP NPs and Re/PVP NPs obtained by WAXS. 
 
In conclusion, this study indicates once again the high significance of the choice 
of precursors in the synthesis of NPs since their behavior can strongly influence the final 
product. While using [Pt(CH3)2COD] as Pt source resulted in polydisperse and segregated 
NPs, [Pt(C7H10)3] led to monodisperse crystalline NPs accommodating both Pt and Re. It 
was shown that despite their respective structure (fcc vs hcp), it was possible to form 
small alloyed nanoparticles accommodating both Re and Pt. However, these experimental 
results are in preliminary step and need to be completed. Due to the quick change of color 
observed during the synthesis, we can propose that the facile decomposition of both 
precursors at r.t. results from an interaction between the two metal complexes, 
[Re2(C3H5)4] and [Pt(C7H10)3]. This might be a ligand exchange or formation of a new 
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heteronuclear cluster. Detailed NMR experiments would be necessary in order to 
understand the decomposition mechanism accurately. Moreover, the experimental 
conditions need to be improved in order to have good control over the reaction and find 
the optimum conditions to have monodisperse PtRe NPs. These experiments are currently 
under investigation in the team. 
4.3.2 HDA-Stabilized Bimetallic Platinum-Rhenium Nanoparticles  
In the previous section, it has been shown that segregated nanoparticles with 
irregular shapes are formed from the hydrogenation of [Pt(CH3)2(COD)] and [Re2(C3H5)4] 
complexes in the presence of PVP. Moreover, as it was discussed before, the use of a 
coordinating ligand may change the morphology of the resulting nanoparticles. Therefore, 
we aimed to investigate the nature of PtRe NPs when stabilized by HDA. This work was 
also conducted as a complementary part of previous studies on monometallic Re/HDA 
and bimetallic RuRe/HDA NPs.  
HDA-stabilized PtRe NPs (PtRe/HDA NPs) were prepared by applying the 
standard reaction conditions followed for alloy-type NPs. [Pt(CH3)2(COD)] and 
[Re2(C3H5)4] complexes (1:1 metal molar ratio) were co-decomposed under 3 bar H2 at 
120oC in the presence of 1 molar equiv. of HDA (Scheme 4.5). The reaction was left for 
2 days under stirring. During this period of time, the color of the solution changed 
gradually from light orange to brown and eventually to dark brown-black. At the end, a 
dark brown-black suspension and a dark brown film on the walls of the reactor were 
obtained.  
 
 
Scheme 4.5 Synthesis of PtRe/HDA NPs from [Pt(CH3)2(COD)] and [Re2(C3H5)4] 
complexes. 
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TEM analyses performed on crude colloidal reaction solutions showed the 
formation of nearly spherical nanoparticles displaying a mean size of ca. 1.4(0.3) nm 
(Figure 4.47). But the NPs have a strong tendency to assemble into large superstructures 
as shown by the absence of NPs in some areas of the grid. 
 
 
Figure 4.47 a-b) TEM images obtained from the crude colloidal solution of PtRe/HDA NPs at two 
different magnifications, c) Corresponding size histogram built from individual nanoparticles. 
 
When the colloidal solution was kept under argon for 3 days, TEM images 
showed larger (ca. 2.3(1.0) nm) and more irregular in shape NPs (Figure 4.48). 
Moreover, their assembly into superstructures appeared to be more pronounced (Figure 
4.48a-b). These observations indicate that the NPs are probably not strongly stabilized by 
HDA and can evoluate (size and shape) in solution.  
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Figure 4.48 a-c) TEM images obtained from the crude colloidal solution of PtRe/HDA NPs afer 3 
days under Ar atmosphere, d) Corresponding size histogram built from individual nanoparticles. 
 
After solvent evaporation and purification of the resulting solid by washing with 
cold pentane followed by vacuum drying, a sticky black solid was obtained. Such a sticky 
sample was observed with all HDA-stabilized NPs investigated in this work. The purified 
solid was then dissolved in toluene to prepare a new TEM grid (Figure 4.49). Very 
similar to RuRe/HDA NPs discussed in Chapter 4.2.2.1, polydisperse NPs having 
irregular shapes were observed  with an estimated mean size of ca. 4.2(1.2) nm. 
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Figure 4.49 a-b) TEM images obtained from toluene solution of purified PtRe/HDA NPs, c) 
Corresponding size histogram built from individual nanoparticles. 
 
HRTEM images (Figure 4.50) obtained from the purified NPs show crystalline 
NPs that present numerous twins or stacking faults. These structural defects can result 
from coalescence of unstable small NPs into larger ones, as previously observed in the 
team for Pt NPs stabilized by HDA.77 Individual large NPs could be analyzed more 
precisely and it appeared that they mainly adopt an hcp structure (Figure 4.51).  
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Figure 4.50 HRTEM images of purified PtRe/HDA NPs at different magnifications.  
 
 
Figure 4.51 HRTEM image of a purified PtRe/HDA NP (left) and corresponding FFT image (right).  
 
WAXS analysis (Figure 4.52) performed on purified PtRe/HDA NPs revealed 
crystalline NPs adopting a slightly contrated fcc structure with a coherence length of ca. 
2.8 nm. These results are different from those gained from HRTEM analyses where only 
large NPs crystallized with hcp structure could be observed. As mentioned in the previous 
section, WAXS provides an average characterization of a whole sample that is an 
assembly of NPs and reveals crystalline domains the size of which being estimated by the 
determination of the coherence length. This technique is very efficient for crystalline 
objects of mean size less than 4 nm. Although it can depend on the resolution of the 
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microscope, electron microscopy techniques offer a precise characterization of selected 
isolated objects which is easier for the larger ones. In the present case, TEM images of 
PtRe/HDA NPs revealed the presence of polydisperse NPs and presumably, the smallest 
NPs having mainly a fcc character. By WAXS, small NPs with fcc structure could be 
observed but not the larger ones with hcp structure as seen by HRTEM. This shows the 
high difficulty met to characterize accurately heterogeneous nanoparticle samples and 
highlights the advantage of developing efficient reaction conditions to produce 
homogeneous populations of NPs. 
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Figure 4.52 RDF of purified PtRe/HDA NPs obtained by WAXS. 
 
The ICP analysis (Figure 4.53) performed on purified NPs indicated the presence 
of 30.7 wt.% of Re and 33.1 wt% of Pt. These values correspond to a Re:Pt relative metal 
ratio of 1.0:1.03 which fits very well with the theoretical expectations since a 1:1 relative 
molar metal ratio was introduced for the synthesis. The metal contents within the 
nanoparticles were also calculated by EDX analysis taken from two different regions of 
the TEM grid. The results confirm the presence of both metals within the NPs and 
indicate a relative ratio of 1.0:1.3 (Re:Pt) which is also close to expected values. 
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Figure 4.53 EDX analysis of purified PtRe/HDA NPs (top) and quantification of metal contents within 
PtRe/HDA NPs (bottom). 
 
Then, the next step was to identify how Pt and Re atoms are located in the NPs 
(segregated or alloy phase). For this purpose, EDX elemental mapping technique was 
used. Figure 4.54 clearly shows that both elements (Pt and Re) are present at the same 
places on the images thus evidencing an alloy type arrangement within the NPs. 
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Figure 4.54 a) STEM image of PtRe/HDA NPs; b-d) corresponding elemental mapping of Pt (red), Pt-
Re and Re (green) elements respectively. 
 
4.3.3 Concluding Remarks on Platinum-Rhenium Nanoparticles 
To sum up, bimetallic PtRe NPs were prepared by co-decomposition of platinum 
and rhenium organometallic complexes ([Pt(CH3)2(COD)] or [Pt(C7H10)3] and 
[Re2(C3H5)4]) in the presence of PVP or HDA as stabilizing agents. The decomposition 
by hydrogenation of [Pt(CH3)2(COD)] and [Re2(C3H5)4] in the presence of PVP resulted 
in polydisperse nanoparticles having different morphologies. In spite of their polydisperse 
nature, the NPs were found to be crystalline and to accommodate both Pt and Re in 
certain extent.  
a) b) 
c) d) 
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Keeping the stabilizer the same but replacing [Pt(CH3)2(COD)] by [Pt(C7H10)3] as 
Pt source let the reaction proceed at r.t. and resulted in monodisperse, spherical and 
crystalline NPs accommodating both Pt and Re. 
When using HDA as stabilizer for the decomposition of [Re2(C3H5)4]) and 
[Pt(CH3)2(COD)], PtRe NPs were found to be highly unstable in solution leading to their 
evolution. As the result of coalescence of small NPs into larger ones, irregular shapes 
were observed by electron microscopy. EDX mapping analyses revealed the presence of 
both metals (Pt and Re) in close contact thus evidencing their alloy nature. 
4.4 General Conclusion of Chapter IV 
By tuning the nature of organometallic complexes and the reaction conditions, Re-
based bimetallic nanoparticles diplaying different morphologies could be quantitatively 
prepared. These NPs were stabilized either by PVP or HDA. Table 4.1 reports the main 
characteristics of those bimetallic nanoparticles. 
HDA-stabilized bimetallic NPs were always found to be highly unstable and to 
have a tendency to self-assembly. On the contrary, bimetallic NPs stabilized in PVP were 
stable and could be recovered as fine powders. The characterization of these NPs was 
performed by using a combination of complementary techniques (TEM, HRTEM, STEM-
HAADF, EDX, WAXS, FT-IR, MAS-NMR and EA) associated with surface reactivity 
studies, namely in the presence of CO and O2. Reactions with CO first revealed its 
adsorption at the metal surface and second, gave interesting information on the surface 
state of the nanoparticles as well as on the mobility of CO molecules related to it. As 
main information, CO activation and dissociation was found to be easier with bimetallic 
alloy RuRe NPs than with pure Re NPs. Concerning the reaction with dioxygen, the alloy 
RuRe/PVP NPs were found to be more resistant to oxidation than the core-shell ones. 
After oxidation, core-shell type RuRe/PVP NPs, that are in fact Re-decorated Ru NPs, 
display an amorphous structure which can be due to full oxidation at the Ru core. 
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Table 4.1 Summary of the main characteristics of Re-based bimetallic NPs prepared in different 
reaction conditions.*# 
Type of 
NPs 
Metal Precursors 
Reaction 
Conditions 
besides 3 
bar H2 
Mean Size 
(nm) 
Purified 
Sample 
Observations 
RuRe/PVP  
 
  
[Re2(C3H5)4] and  
[Ru(Me-Allyl)2(COD)] 
120oC,  2 days, 
in anisole 
1.3(0.4)  
Dark brown fine 
powder 
- Alloy type 
monodisperse 
spherical NPs 
- hcp crystalline 
structure 
- Resistant to 
oxidation 
[Re2(C3H5)4] and 
[Ru(COD)(COT)] 
 
r.t.,  3 days, 
in THF 
---- 
Black solid and 
dark brown 
supernatant 
- Unreacted 
[Re2(C3H5)4], 
- formation of 
mainy Ru/PVP 
NPs 
30 min at  r.t., 
24h at 60oC, 
in THF 
1.2(0.3) 
Dark brown fine 
powder 
- Core-shell type 
monodisperse 
spherical NPs 
- hcp crystalline 
structure 
- Not resistant to 
oxidation 
RuRe/HDA  
 
[Re2(C3H5)4] and  
[Ru(Me-Allyl)2(COD)] 
120oC, 2 days, 
in anisole 
1.0-6.0 
Sticky black 
solid 
- Unstable, 
irregular shaped 
NPs 
- alloy type NPs 
 
[Re2(C3H5)4] and  
[Ru(COD)(COT)] 
30 min at  r.t., 
24h at 60oC, 
in THF 
1.9(0.3) 
Sticky black 
solid 
- Unreacted 
[Re2(C3H5)4] 
(~50 %) 
- alloy type 
stable 
RuRe/HDA NPs 
 
PtRe/PVP  
 
[Re2(C3H5)4] and 
[Pt(CH3)2(COD)] 
120oC,  2 days, 
in anisole 
3 size 
distributions: 
~1.5, 3 and 5   
Black fine 
powder 
Polydisperse 
NPs 
 
[Re2(C3H5)4] and 
[Pt(C7H10)3] 
r.t.,  24h, 
in THF 
1.5(0.3) 
Black fine 
powder 
- Alloy type 
monodisperse, 
- spherical, 
crystalline NPs 
 
PtRe/HDA  
[Re2(C3H5)4] and 
[Pt(CH3)2(COD)] 
120oC,  2 days, 
in anisole 
1.1-6.0 
Sticky black 
solid 
- Unstable, 
irregular shaped 
Nps 
- alloy type NPs 
 
*For HDA-stabilized NPs, M/Re molar ratio is 1, where M is Pt or Ru. 
#For PVP-stabilized NPs, total metal content is 10 wt.% in PVP. 
 
 
Altogether, and even if improvements are necessary to have well-defined nano-
objects, the obtained results show that the methodology applied provides a novel and 
simple route towards the preparation of new Re-based bimetallic nanoparticles. By 
following the organometallic approach, various HDA- and PVP-stabilized RuRe or PtRe 
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NPs could be prepared. Moreover, basic useful information on the surface chemistry of 
the formed NPs, such as CO activation and surface oxidation, was obtained which can be 
of high interest for their application in catalysis. 
 [Re2(C3H5)4] organometallic complex was found to be a very suitable precursor 
for the preparation of Re-based nanostructures with clean surfaces and in an easy and 
reproducible way. This derives from the fact it accomodates ligands which can be 
hydrogenated under mild reaction conditions. Other organometallic complexes of 
rhenium generally accommodate ligands that can interact with the surface of growing 
particles and harsh reaction conditions would be required for their decomposition. In 
addition, they are not commercially available and the synthetic protocols are generally 
challenging to obtain them in high yield and purity. Combined with [Re2(C3H5)4], a series 
of olefinic complexes of Ru and Pt, having different reaction kinetics under H2 
atmosphere, have been tested which allowed us to prepare bimetallic nanoparticles with 
different chemical compositions. Some of these nanoparticles did not show good stability 
and display monodisperse morphology but as a perspective, one can imagine to obtain 
well-defined structures by tuning the stabilizing agent. For instance, phosphine ligands 
are known to provide better stabilization compared to amine ligands due to stronger 
metal-phosphine bond. Therefore, the use of mono- or di-phosphines might be the next 
step in the preparation of Re-based nanoparticles to have regular size and shape.  
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In this PhD manuscript, the synthesis, characterization and preliminary catalytic 
application of rhenium based mono- and bi-metallic nanoparticles are reported. Rhenium 
has been chosen as a primary metal given the knowledge of its positive contribution in 
terms of catalytic activity and selectivity in the hydrogenation of difficult functional 
groups in particular when associated with platinum, as reported in the literature. This 
work has been developed in the framework of a FP7-NMP2-Large Program Project 
(Synflow 2010-246461). The main objective was to design and to prepare in a controlled 
manner rhenium based nanostructures in order to evaluate them as catalysts in the 
hydrogenation of amides, in collaboration with the group of Prof. D. Cole-Hamilton in 
St-Andrews, UK where the catalysis part was performed. 
Rhenium containing nanoparticles were prepared by decomposition of two 
different rhenium organometallic complexes, namely [Re2(CO)10] and [Re2(C3H5)4]. The 
synthesis was carried out in solution under mild pressure of dihydrogen (3 bar) and in the 
presence of either a polymer (polyvinylpyrolidone) or a weakly coordinating ligand 
(hexadecylamine) as stabilizing agents. The precise characterization of the so-obtained 
nanoparticles was performed by using a combination of state-of-the art techniques 
(WAXS, EXAFS, XPS, TEM, HRTEM, STEM-EDX, STEM-HAADF, EA). Surface 
reactivity studies were also carried out by spectroscopic techniques (NMR, FT-IR) to 
determine their surface state (norbornene hydrogenation, oxidation and CO adsorption 
reactions) and apprehend better their interest in catalysis. 
In general, PVP-stabilized nanoparticles were found to be stable in solution and 
could be isolated as fine powders. On the contrary, HDA-stabilized NPs were not so 
stable and showed a tendency to assemble into superstructures or even to coalesce, 
presumably due to weak interaction of HDA with their surface. The fact that these 
nanoparticles could only be isolated as sticky-wet solids supports this assumption. In 
addition, these results are similar to previous ones observed in the team with other 
nanoparticle systems like ruthenium, platinum and palladium for instance, when using 
this long alkyl chain amine as stabilizer. 
Concerning bimetallic systems, we first attempted to prepare RuRe systems from 
one-pot or two-step decomposition of [Ru(COD)(COT)] and [Re2(CO)10] precursors 
under 3 bar H2 in the presence of PVP or HDA as stabilizing agents and anisole as a 
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solvent. It was necessary to heat the reaction mixture (150oC) in order to favor the 
decomposition of [Re2(CO)10]. However, despite numerous attempts, the total 
decomposition of this rhenium complex could not be achieved and unreacted [Re2(CO)10] 
could not be separated from the nanoparticles by purification thus leading to 
contamination of the nanoparticle samples. Control experiments performed to better 
understand the behavior of [Re2(CO)10] and [Ru(COD)(COT)] complexes when treated 
alone under the specified reaction conditions gave significant results on their ability to 
provide nanoparticles. For instance, under dihydrogen atmosphere at 150oC, [Re2(CO)10] 
does not form nanoparticles but evolves into a trimer organometallic complex, formulated 
as [Re3(μ-H)3CO12] as the result of NMR and FT-IR studies. This complex is stable and 
requires more energy to dissociate and form metallic Re eventually. In addition, at r.t. 
[Ru(COD)(COT)] reacts with anisole used as solvent to form a more stable species, 
identified as [Ru(anisole)(COD)]. This compound requires more energy and longer 
reaction time than [Ru(COD)(COT)] to decompose which therefore results in larger 
ruthenium nanoparticles. At 150oC, the reaction proceeds smoothly and faster but the size 
of the so-obtained ruthenium nanoparticles goes up to 2.5 nm and some superstructures of 
individual ruthenium nanoparticles are also observed. This side-reaction was not explored 
more in the frame of this PhD but it could be an interesting way to grow ruthenium 
nanoparticles above 2 nm, which curiously appeared not so easy until now in the team. 
Indeed, to have in hands a series of nanoparticles of different sizes with the same 
chemical environment, which remains a challenge in nanocatalysis. Together with 
[Ru(COD)(COT)], [Re2(CO)10] was partially decomposed and ruthenium-rhenium 
bimetallic nanoparticles could be prepared. The analysis of the gas phase of the reaction 
mixture not only evidenced the decomposition of [Re2(CO)10] (observation of free H2 and 
CO) but also the formation of light hydrocarbon products (CH4, C3H8) and H2O, probably 
resulting from the hydrogenation of CO following a Fischer-Tropsch reaction. These 
results evidence that CO can dissociate and be hydrogenated on these nanoparticles and 
thus demonstrate their high potential for catalysis. In order to identify the composition of 
those nanoparticles, X-ray techniques were applied. While WAXS data provided 
information on the crystallinity of the nanoparticles (hcp), EXAFS data shed some light 
on the neighboring atoms and allowed us to determine the nature of the different samples 
of ruthenium-rhenium bimetallic nanoparticles (core-shell or alloy). Then, PVP and 
HDA-stabilized bimetallic ruthenium-rhenium nanoparticles were preliminary tested as 
catalysts in the hydrogenation of N-Methylpyrrolidone in the lab of Prof. D. 
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Cole-Hamilton. The best catalytic activity, 30% substrate conversion, was obtained with 
alloy-type HDA-stabilized ruthenium-rhenium nanoparticles. Although the conversion 
values remained limited in comparison with literature data, the selectivity was found to be 
100% with all catalyst systems. The low catalytic conversion values observed with these 
nanoparticles might result from the low content of Re within the nanoparticles thus 
leading to a poor synergic effect, or from the presence of undecomposed rhenium 
carbonyl complexes or of the side-products formed during the nanoparticle synthesis that 
can act as contaminants of the nanoparticle surface. 
Given the difficulties met with the decomposition of [Re2(CO)10] as precursor, the 
purification of unreacted species, the control over the composition of resulting bimetallic 
nanoparticles and their characterization, the investigation of a new rhenium precursor was 
crucial. For this purpose, organometallic complex dirhenium(II)tetraallyl ([Re2(C3H5)4]) 
was synthesized according to a slightly modified literature procedure from Wilkinson et 
al. By decomposing [Re2(C3H5)4] under a dihydrogen atmosphere in mild reaction 
conditions, ultra-small (ca. 1.0-1.2 nm) rhenium nanoparticles could be synthesized in 
one-pot. With this complex, the total precursor decomposition was achieved as easily 
monitored by NMR. TEM and WAXS studies performed on the resulting nanoparticles 
showed that they are monodisperse in size and display a spherical shape but adopt a 
disordered hcp structure. Slight modification of the reaction parameters (temperature, 
reaction time and [stabilizer]/[metal] ratio) did not induce any significant changes both in 
size and shape of the formed nanoparticles. Basic surface reactivity studies, such as olefin 
hydrogenation, CO adsorption and oxidation reactions, were also carried out with these 
rhenium nanoparticles. By this way, useful information  was obtained on their surface 
chemistry, as following: i) surface hydrides are present on the metallic surface and are 
very strongly coordinated to rhenium in agreement with rhenium molecular chemistry; ii) 
CO can displace hydrides and strongly coordinates at the rhenium surface but can also 
react further to be oxidized or dissociated; iii) oxidation of rhenium nanoparticles results 
in partial oxidation leading to a decrease of the metallic core size and formation of an 
amorphous oxide shell around. 
Having in hands a readily available rhenium precursor ([Re2(C3H5)4]), we further 
investigated its ability for the preparation of bimetallic Re-M (M= Ru or Pt) nanoparticles 
in a controlled way. By playing with the nature of the organometallic complexes and 
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reaction conditions, we could synthesize bimetallic nanoparticles stabilized either by PVP 
or HDA for the consistency of the work. In all cases, HDA-stabilized bimetallic NPs were 
found to be highly unstable and to have a strong tendency to agglomerate while 
PVP-stabilized ones appeared stable. In spite of their unstable character, HDA-stabilized 
bimetallic nanoparticles can be of interest in catalysis since nanoparticles of different 
sizes and shapes were obtained which might be explored for orientating catalytic activity 
and selectivity. Moreover, the stability of these nanoparticles could be easily improved by 
their deposition onto a support like carbonaceous or oxide solids. These nanoparticles 
were characterized by state-of-the-art techniques and surface reactivity studies were 
performed mainly based on CO adsorption and oxidation reactions, altogether providing 
information not only on the surface state of the particles but also on their reactivity. In 
particular, CO activation and dissociation was found to be easier at the surface of alloy 
type bimetallic ruthenium-rhenium nanoparticles than with pure rhenium ones. The 
resistance of bimetallic ruthenium-rhenium nanoparticles toward oxidation was also 
tested. Alloy-type PVP-stabilized ruthenium-rhenium ones were found to be more 
resistant to oxidation while core-shell type PVP-stabilized ruthenium-rhenium 
nanoparticles were not at all, and led to an amorphous oxide structure.  
The originality of this work lies on the development of a systematic approach for 
the preparation of rhenium-based nanoparticles. It was particularly challenging since only 
a few examples of such systems are described in the literature. In addition the known 
systems are most often not well-controlled in terms of size, composition and stability. The 
synthesis of Re-containing mono- and bi-metallic nanoparticles has been achieved, for the 
first time in the team and in the literature, by applying the organometallic approach 
largely experienced in the group for other metal systems. This method is well-known as 
an efficient way to obtain well-controlled nanostructures and it is followed by several 
other groups to take advantage of the surface properties of the obtained nano-objects for 
diverse applications, mainly in catalysis. Looking at the obtained results during this work 
dedicated to mono- and bimetallic Re-M systems (M=Ru or Pt) it appears clearly that 
investigating the synthesis of nanoparticles at a systematic level is of high importance to 
understand the key-parameters to obtain well-defined systems. It took time to find an 
adequate rhenium precursor easy to decompose, but the obtained results, even if 
improvements are still needed, are very encouraging and pave the way towards the 
formation of new rhenium-based catalysts. Beside exploring more the conditions to form 
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well-defined nanostructures in a reproducible and quantitative manner, changing the 
nature of the stabilizer, another perspective of this work, might be an interest to evaluate 
the samples prepared from ([Re2(C3H5)4] in catalysis and compare their catalytic 
properties to those of other known catalysts. 
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6.1 Generals and Materials 
All operations were carried out using Standard Schlenk tube and Fischer-Porter 
bottle (Avitec) techniques or in a glove-box (Braun) under argon atmosphere. All solvents 
were purified and degassed by freeze-pumping before using. Anisole (Sigma-Aldrich) 
was distilled under argon over sodium. Pentane, toluene, tetrahydrofurane and 
dichloromethane (Carlo Erba) were dehydrated through filtration on a column in a 
purification apparatus (Braun). Polyvinylpyrrolidone 40000 (PVP40, Sigma-Aldrich) was 
dried over P2O5 (Sigma-Aldrich) before usage. The other chemicals listed below were 
used as received unless otherwise specified. 
 [Ru(COD)(COT)] ( >97 %, Nanomeps) 
 [Pt(C7H10)3] ( >97 %, Nanomeps) 
 [Pt(CH3)2(COD)] (99%, Strem Chemicals) 
 [Ru(Me-Allyl)2COD] (Sigma-Aldrich) 
 [Re2(CO)10] (98%, Sigma-Aldrich) 
 [Re2(C3H5)4] ( >97 %, Prepared according to the literature procedure. (See 6.3 
Synthesis, pg. 5) 
 Hexadecylamine (97 %, Sigma-Aldrich) 
 Polyvinylpyrrolidone 40000 (PVP40, Sigma-Aldrich) 
 Norbornene (99%, Sigma-Aldrich) 
 Tetramethylethylenediamine (99%, Sigma-Aldrich) 
 Magnesium tunings (99.9%, Sigma-Aldrich) 
 Sodium (99.9%, Merck) 
 Benzophenone (99%, Sigma-Aldrich) 
 Iodine (99.8%, Sigma-Aldrich) 
 1,2-Dibromoethane (98%, Sigma-Aldrich) 
 N-Methylpyrrolidone (99.5 % anhydrous, Sigma-Aldrich) 
 Anisole (99.9 % anhydrous, Sigma-Aldrich) 
 Toluene (99.8%, Carlo Erba) 
 Tetrahydrofurane (99.9%, Carlo Erba) 
 Dichloromethane (99.8%, Carlo Erba) 
 Pentane (99%, Carlo Erba) 
 Diethylether (99%, Carlo Erba) 
 Argon (Alphagaz Smartop) 
 Carbon monoxide  (Alphagaz Smartop) 
 13C-Carbon monoxide (13C, 99.14%, Eurisotop) 
 Dihydrogen  (Alphagaz Smartop) 
 Dioxygen  (Alphagaz Smartop) 
 
  
227 
CHAPTER VI Experimental Part 
6.2 Characterization Techniques 
6.2.1  Transmission Electron Microscopy Analysis 
The nanoparticles were characterized by transmission electron microscopy (TEM), 
high-resolution transmission electron microscopy (HRTEM) and/or scanning 
transmission electron microscopy with High Angular Annular Dark Field 
(STEM-HAADF). TEM samples were prepared by deposition of a drop of either the 
crude colloidal solution or colloidal solution of purified solid nanoparticles (HDA- and 
PVP-stabilized NPs were dissolved into toluene and dichloromethane, respectively), over 
a covered holey copper grid inside the glove-box. TEM Analyses were performed at 
“Service Commun de Microscopie Electronique de l’Université Paul Sabatier” 
(TEMSCAN-UPS) by using JEOL JEM 1011 CX-T electron microscope operating at 100 
kV with a point resolution of 4.5 Å. Approximation of the particle mean size was made 
through a manual analysis of enlarged micrographs by measuring a population of at least 
250 particles on a given grid. HRTEM analyses were performed by Vincent Colliére at 
TEMSCAN-UPS with JEOL JEM 2010 electron microscope working at 200 kV with a 
resolution point of 2.5 Å. STEM-HAADF observations were carried out by 
Pier-Francesco Fazzini (LPCNO, INSA) at the LMA laboratory in Zaragoza, using a Cs 
corrected Titan Microscope equipped with an XFEG source. 
6.2.2 Wide-Angle X-Ray Scattering Measurements 
Wide-Angle X-Ray Scattering (WAXS) was performed at CEMES-CNRS by 
Pierre Lecante. Purified solid samples were sealed in 1.0, 1.5 or 2.5 diameter Lindemann 
glass capillaries. The samples were irradiated with graphite-monochromatized Mo Kα 
(0.071069) radiation and the X-ray intensity scattered measurements were performed 
using a dedicated two-axis diffractometer. Radial distribution functions (RDF) were 
obtained by Fourier Transformation of the reduced intensity functions.  
6.2.3 Extended X-ray Absorption Fine Structure Measurements 
Extended X-ray Absorption Fine Structure (EXAFS) measurements were carried 
out by Pierre Lecante at HASYLAB in Hamburg on beamline C in transmission mode at 
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room temperature. Data analysis was performed with Athena software. Least-squares 
refinement of structural parameters could also be performed using the Artemis software. 
6.2.4 Fourier Transform or Attenuated Total Reflectance Infrared 
Analysis 
Fourier Transform Infrared (FT-IR) and Attenuated Total Reflectance Infrared 
(ATR-IR) spectra were recorded in the range 4000-400 cm-1 under Ar atmosphere using a 
Perkin-Elmer GX2000 spectrometer installed in a glovebox of the team “Nanostructures 
et Chimie Organométallique” at LCC-CNRS.  
6.2.5 Elemental Analysis 
ICP analyses were performed either at “Institut des Sciences Analytiques, 
Departement Service Central d´Analyse” (CNRS) in Lyon or in the “Service de l'analyse 
Élémentaire” at LCC-CNRS in Toulouse. 
6.2.6 Nuclear Magnetic Resonance Experiments 
Nuclear Magnetic Resonance (NMR) experiments were performed at the “Service 
RMN” in LCC-CNRS, Toulouse. The solution NMR experiments were performed on a 
Bruker (400 MHz or 500 MHz) spectrometer. Solution NMR experiments under 
dihydrogen pressure were performed by Christian Bijani. Solid State Nuclear Magnetic 
Resonance at Magic Angle Spinning (MAS-NMR) with and without 1H-13C cross 
polarization (CP) were performed by Yannick Coppel on a Bruker Avance 400WB 
instrument equipped with a 3.2 mm probe with a sample  frequency being set at 16 kHz. 
Measurements were carried out in a 3.2 mm ZrO2 rotor. 
6.2.7 Mass Spectometry Analysis 
Mass chromatograms of [Re2(C3H5)4] solid were obtained in a LEYBOLD 
QX2000 quadrupole mass spectrometer. The analyses were performed at the “Service 
commun de spectrométrie de masse de la Structure Fédérative en Chimie Moléculaire” at 
the Université Paul Sabatier in Toulouse. 
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6.2.8 Gas Chromatography Experiments 
Gas chromatography (GC) was performed in the team “Nanostructures et Chimie 
Organométallique” using an HP 5890 Series II Gas Chromatograph with an SGE BP1 
non-polar 100% dimethyl polysiloxane capillary column (50 m × 0.32 mm × 0.25 μm). 
The method used for the quantification of hydrides consists of 5 min plateau at 35°C, then 
a ramp of 10°C min−1 until 150°C and a 5 min plateau at 150oC.  
GC coupled with Mass Spectrometry (GC-MS) analysis was performed by Jean-
François Meunier at the “Service de Spectrométrie de Masse” at LCC-CNRS, Toulouse. 
6.2.9 Thermogravimetric analysis 
 Thermogravimetric analysis (TGA) experiments were performed by Stéphanie 
Seyrac at the “Service d'Analyse Thermique” at LCC-CNRS by using a Perkin Elmer 
Diamond equipment. Dried samples (4–7 mg) were placed in the TGA furnace and the 
measurements were carried out under dinitrogen flow (100 ml/min) with a heating rate of 
5°C/min from 30 to 800°C. 
6.3 Synthesis Procedures 
6.3.1 Synthesis of C3H5MgCl Grignard Reagent in Diethylether 
In a typical experiment (Figure 6.1), 9.3 g (0.38 mol) of Mg turnings were placed 
into a 1000 ml three necked balloon inside a glovebox. 300 ml of diethylether, previously 
degassed by three freeze–pump cycles, were added by cannula at r.t. In order to activate 
the Mg surface, 2 small spatulas of I2 and 1.5 ml of dibromoethane were added while the 
reaction mixture was stirred vigorously. During this time, the color of the solution turned 
from reddish orange to colorless transparent and the temperature increased. After the 
temperature came back to r.t., 25 ml (0.31 mol) of C3H5Cl, diluted in 100 ml of 
diethylether, were added dropwise to the reaction mixture using a dropping funnel during 
7h. It should be noted that the addition rate is primordial in the synthesis of C3H5MgCl in 
diethylether. Fast addition causes sudden increase in the reaction temperature which 
results in polymerization of Grignard reagent and formation of a thick white cloud. 
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During the addition of C3H5Cl on Mg turnings in diethylether, a white solid (MgCl2) 
precipitates and a yellowish transparent supernatant forms. After complete addition of 
C3H5Cl, the reaction mixture was kept under stirring for 1h. Then, the transparent 
supernatant was transferred to another flask by cannula and the concentration of 
C3H5MgCl was determined by acid-base titration in the presence of phenolphthalein 
indicator.292,293 
 
 
Figure 6.1 Experimental installation for the synthesis of C3H5MgCl. 
6.3.2 Synthesis of [Re2(C3H5)4] Organometallic Complex 
 Dirhenium(II)tetraallyl, [Re2(C3H5)4], was synthesized according to a slightly 
modified literature procedure from Wilkinson et. al. in the 70s.13 In a typical experiment, 
4.5 g (0.0124 mol) of ReCl5, previously washed with pentane and dried under vacuum, 
were introduced into a 500 ml flask. The solid was cooled to -78oC with a mixture of 
acetone-dry ice. Then, 150 ml of melting diethylether, previously purified and degassed 
by three freeze–pump cycles, were introduced into the flask by cannula under Ar 
atmosphere. The color of the solution became reddish-brown after the addition of 
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diethylether. 84 ml (0.74 M, 0.062 mol) of C3H5MgCl were added dropwise under Ar 
atmosphere during 2 h on the ReCl5-diethylether solution with a vigorous stirring. During 
this time the color of the solution changed to dark brown and the formation of a 
precipitate was observed. When the addition of C3H5MgCl was finished, the cooling bath 
was removed and the reaction mixture was brought to r.t slowly. Meanwhile, the color of 
the solution changed from brown to yellow and finally to orange. The reaction mixture 
was kept stirring 1 h more at r.t. Tetramethylethylenediamine (TMEDA) was then added 
under Ar to precipitate impurities until no more formation of precipitate was observed. 
 Using a cannula, the orange solution was filtered by passing through a celite 
column and collected in another 500 ml flask. The ether was evaporated under vacuum 
and the resultant solid was extracted by addition of pentane (4x50 ml). The pentane was 
evaporated under vacuum leading to an orange solid (Figure 6.2) which was collected 
and stored at -50oC inside a glove-box. 
Yield: 2 g. (66 %) 
 
 
Figure 6.2 Purification of [Re2(C3H5)4] complex from pentane extract. 
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The so-obtained [Re2(C3H5)4] complex was analyzed by 
1H-NMR and MS 
(Figure 6.3) in order to determine its purity. 
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Figure 6.3  a) 1H-NMR (400 MHz, Bruker)  recorded by dissolving [Re2(C3H5)4] complex in C6D6 
and b) Mass Spectra of [Re2(C3H5)4] (MW = 536 g/mol). 
a) 
b) 
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6.3.3 Synthesis of Ruthenium-Rhenium Bimetallic Nanoparticles from 
[Re2(CO)10] Precursor 
RuRe/PVP NPs (10 wt. % of total metal in PVP): In a typical experiment, the 
organometallic precursors [Re2(CO)10] (56.77 mg, 0.067 mmol), [Ru(COD)(COT)] 
(54.87 mg, 0.174 mmol) and PVP (500 mg) were introduced together into a Fischer-
Porter reactor and dissolved in 60 ml of anisole, previously distilled and degassed by 3 
freeze-pump cycles. The Fischer-Porter reactor was immersed into an oil-bath pre-heated 
at 150oC. Then the resulting yellowish brown solution was pressurized with 3 bar of H2 
and kept under stirring at 150oC for 2 days. During this time, the color of the reaction 
mixture changed gradually from yellow to dark brown. After 2 days, the solution was 
cooled down to r.t. and the gas was eliminated under vacuum. The solvent was 
evaporated under vacuum and the obtained solid was washed with pentane (3x60 ml) 
under Ar atmosphere. Then the residue was dried overnight under vacuum.   
Elemental Analysis (ICP) data:  Ru 2.62 wt.%, Re wt. 5.26%  
RuRe/HDA (1:1, HDA:metal molar ratio) NPs:   
One-Pot Synthesis: In a typical experiment, the organometallic precursors 
[Re2(CO)10] (56.77 mg, 0.067 mmol), [Ru(COD)(COT)] (54.87 mg, 0.174 mmol) and 
HDA (43.0 mg, 0.174 mmol) were introduced together into a Fischer-Porter reactor and 
dissolved in 60 ml of anisole, previously distilled and degassed by 3 freeze-pump cycles. 
The Fischer-Porter reactor was immersed into an oil-bath pre-heated at 150oC. Then, the 
resulting yellowish brown solution was pressurized with 3 bar of H2 at 150
oC.  The 
homogeneous solution was kept under stirring at 150oC for 2 days. During this time, the 
color of the reaction mixture changed gradually from yellow to dark brown. After 2 days, 
the solution was cooled down to r.t. and the gas was eliminated under vacuum. The 
volume of the solvent was concentrated to 5 ml under vacuum before addition of cold 
pentane, leading to the precipitation of the nanoparticles. The solid was washed with cold 
pentane (3x60 ml) under Ar atmosphere. The resultant dark brown residue was dried 
overnight under vacuum.  A dark-brown, wet and sticky sample was thus obtained and 
used as it was for characterization and reactivity studies. 
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Two-Step Synthesis: In a typical experiment, the organometallic precursors 
[Re2(CO)10] (56.77 mg, 0.067 mmol), [Ru(COD)(COT)] (54.87 mg, 0.174 mmol) and 
HDA (43.0 mg, 0.174 mmol) were introduced together into a Fischer-Porter reactor and 
dissolved in 60 ml of anisole, previously distilled and degassed by 3 freeze-pump cycles. 
The resulting yellow solution was pressurized with 3 bar of H2 and kept under stirring for 
17 h at r.t. During this time, the color of the reaction solution changed gradually from 
yellow to dark brown. Then, the Fischer-Porter reactor was immersed into an oil-bath 
pre-heated at 150oC. The reaction mixture was maintained at this temperature under 
stirring for 2 days. After this time, the solution was cooled down to r.t. and the excess gas 
eliminated under vacuum. The volume of the solvent was concentrated to 5 ml before the 
addition of cold pentane, leading to the precipitation of nanoparticles. The solid was 
washed with cold pentane (3x60 ml) under Ar atmosphere. The resultant dark brown 
residue was dried overnight under vacuum.  A dark-brown, wet and sticky sample was 
thus obtained and used as it was for characterization. 
EA (ICP) data: Ru 17.97 wt.%, Re 34.57 wt.% for RuRe/HDA NPs for one-pot synthesis. 
Ru 22.04 wt.%, Re 40.07 wt.% for RuRe/HDA NPs for two-step synthesis. 
6.3.4 General Synthesis of Pure Rhenium Nanoparticles from 
[Re2(C3H5)4] Precursor 
Pure Re NPs were prepared from [Re2(C3H5)4] in the presence of a polymer (PVP) 
or an amine (HDA) as following: 
Re/PVP NPs (10 wt.% of Re in PVP): In a typical experiment, the 
organometallic precursor [Re2(C3H5)4] (40 mg, 0.074 mmol) and PVP (249 mg) were 
introduced into a Fischer-Porter reactor and dissolved in 26 ml of anisole, previously 
distilled and degassed by 3 freeze-pump cycles inside a glovebox. The resulting orange 
solution was pressurized with 3 bar of H2 at r.t. Then, the Fischer-Porter reactor was 
immersed into an oil-bath pre-heated at the desired temperature. The homogeneous 
solution was kept under stirring either at 120oC for 2 days or at 100oC for 3 days. During 
this time, the color of the reaction mixture changed gradually from orange to dark brown. 
At the end of the reaction time, the solution was cooled down to r.t. and the excess gas 
eliminated under vacuum. The solvent was evaporated under vacuum and the resulting 
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dark brown solid was washed with pentane (3x50 ml) at r.t. Then the residue was dried 
overnight under vacuum at r.t. before characterization.  
EA (ICP) data: Re 7.53 wt.% for Re/PVP NPs prepared at 120oC for 2 days. 
  Re 7.75 wt.% for Re/PVP NPs prepared at 100oC for 3 days. 
FT-IR data: Absorption bands at v(cm-1): 2874-2953, 1681, 1270-1285 and 1370-1490 are 
attributed to C-H, C=O, C-N stretching and C-H bending, respectively. 
(See Figure 3.9, top) 
Re/HDA NPs (1:1, HDA:Re molar ratio): In a typical experiment, the 
organometallic precursor [Re2(C3H5)4] (75 mg, 0.140 mmol ) and 1 molar equiv. of HDA 
(68 mg, 0.28 mmol) were introduced into a Fischer-Porter reactor and dissolved in 48 ml 
of anisole, previously distilled and degassed by 3 freeze-pump cycles. The resulting 
orange solution was pressurized to 3 bar of H2 at r.t. Then, the Fischer-Porter reactor was 
immersed into an oil-bath pre-heated at the desired temperature. The homogeneous 
solution was kept under stirring at either 120oC for 2 days or 100oC for 3 days. During 
this time, the color of the reaction mixture changed gradually from orange to dark brown. 
At the end of the chosen reaction time, the solution was cooled down to r.t. and the excess 
dihydrogen was eliminated under vacuum. The volume of the solvent was concentrated to 
5 ml under vacuum and cold pentane (50 ml) was added to promote nanoparticles’ 
precipitation. The nanoparticles were washed with cold pentane (3x50 ml) under Ar 
atmosphere. The so-obtained dark brown residue was dried overnight under vacuum.  At 
the end, a dark-brown, wet and sticky sample was isolated and used as it was for 
characterization. 
EA (ICP) data:  Re 37.0 wt.% for Re/HDA NPs prepared at 120oC for 2 days. 
Re 35.4 wt.% for Re/HDA NPs prepared at 100oC for 3 days. 
FT-IR data: Absorption bands at 3331 and 2849-2954 cm-1 are attributed to N-H and C-H 
stretching bands respectively. Those at 1584, 1256-1362, 1465 cm-1 correspond to N-H, 
C-N and C-H bendings and the band at 725 cm-1 is assigned as N-H wagging 
(See Figure 3.9, bottom). The decrease in the intensity of N-H stretching and the shift 
observed in N-H bending bands are attributed to σ-coordination of HDA on the surface of 
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the Re nanoparticles through amine side and the resulting constrain of the molecular 
motion. 
6.3.5 Synthesis of Rhenium-Based Bimetallic Nanoparticles from 
[Re2(C3H5)4] Precursor 
6.3.5.1 Alloy Type Re-Based Bimetallic Nanoparticles 
RuRe/PVP or PtRe/PVP NPs (10 wt. % of total metal in PVP): In a typical 
experiment, the organometallic precursors [Re2(C3H5)4] (25 mg, 0.047 mmol) and 
[Ru(Me-Allyl)2COD] (29.7 mg, 0.094 mmol) or [Pt(CH3)2COD] (31 mg, 0.094 mmol) or 
[Pt(C7H10)3] (44.8 mg, 0.094 mmol) with PVP (240 mg (for RuRe NPs) or 319.1 mg (for 
PtRe NPs)) were introduced into a Fischer-Porter reactor and dissolved in 26 ml of 
anisole, previously distilled and degassed by 3 freeze-pump cycles. The resulting yellow-
orange solution was pressurized with 3 bar of H2 at r.t. Then the Fischer-Porter reactor 
was immersed into an oil-bath pre-heated at 120oC. The homogeneous solution was kept 
under stirring at 120oC for 2 days. During this time, the color of the reaction mixture 
changed gradually from yellow-orange to dark brown or black. The solution was then 
cooled down to r.t. and the excess gas eliminated under vacuum. The solvent was 
removed under vacuum and the obtained solid was washed with pentane (3x50 ml) at r.t. 
Then the residue was dried overnight under vacuum.   
EA (ICP) data:   Ru 3.15 wt.%, Re 5.6 wt.% for RuRe/PVP NPs. 
Pt 4.3 wt.%, Re 4.35 wt.% for PtRe/PVP NPs. 
RuRe/HDA or PtRe/HDA NPs (1:1, HDA:metal molar ratio): In a typical 
experiment, the organometallic precursor [Re2(C3H5)4] (25 mg, 0.047 mmol) was 
introduced into a Fischer-Porter reactor together with [Ru(Me-Allyl)2COD] (29.7 mg, 
0.047 mmol) or [Pt(CH3)2COD] (31 mg, 0.047 mmol) and HDA (22.5 mg, 0.047 mmol). 
Then, they were dissolved in 30 ml of anisole, previously distilled and degassed by 3 
freeze-pump cycles. The resulting yellow-orange solution was pressurized to 3 bar of H2 
at r.t. Then, the Fischer-Porter reactor was immersed into an oil-bath pre-heated at 120oC. 
The homogeneous solution was kept under stirring at 120oC for 2 days. During this time, 
the color of the reaction solution changed gradually from yellow-orange to dark brown. 
The reaction mixture was then cooled down to r.t. and the excess gas eliminated under 
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vacuum. The solvent was concentrated to 5 ml under vacuum and cold pentane was added 
to precipitate the nanoparticles that were then washed with cold pentane (3x50 ml). The 
resultant dark brown residue was dried overnight under vacuum.  At the end, dark-brown, 
wet and sticky sample was obtained and used as it was for characterization. 
EA (ICP) data:   Pt  33.1 wt.%, Re 30.65 wt.% for PtRe/HDA NPs. 
 
6.3.5.2 Core-Shell Type Re-Based Bimetallic Nanoparticles 
RuRe/PVP NPs (10 wt.% of total metal in PVP): [Re2(C3H5)4] (25 mg, 
0.047 mmol) and [Ru(COD)(COT)] (29 mg, 0.047 mmol) were introduced into a 
Fischer-Porter reactor. In a separate schlenk, 240 mg of PVP were dissolved in 30 ml of 
THF, previously distilled and degassed by 3 freeze-pump cycles. Then, the PVP solution 
was transferred into the Fischer-Porter bottle by cannula under Ar atmosphere. The 
resulting yellow solution was pressurized dynamically with 3 bar of H2 for 30 minutes at 
r.t., leading to homogeneous black solution. Then, the Fischer-Porter reactor was 
immersed into an oil-bath pre-heated at 60oC and stirred at this temperature for 24 h. 
Then, the excess gas was eliminated and the solvent was evaporated to dryness. The black 
residue was with pentane (3x50 ml) and dried under vacuum. 
RuRe/HDA NPs (1:1, HDA:metal molar ratio): [Ru(COD)(COT)] (29 mg, 
0.047 mmol) and [Re2(C3H5)4] (25 mg, 0.047 mmol) were introduced into a Fischer-
Porter bottle and dissolved in 10 ml THF, previously distilled and degassed by 3 freeze-
pump cycles. In parallel, HDA was introduced in a schlenk tube and dissolved in 20 ml 
THF. Both solutions were cooled down to -20oC by liquid N2-ethanol mixture and the 
HDA solution was transferred into the Fischer-Porter bottle by cannula. Then, the cooling 
bath was removed and the reaction mixture was immediately exposed to 3 bar of H2 
dynamically for 30 min. During this time the color of the solution turned from 
yellow-orange to dark drown. Then, the reactor was immersed into an oil bath pre-heated 
at 60oC. The reaction mixture was kept under stirring at this temperature for 24h under 3 
bar of static H2 pressure. Then, the excess gas was eliminated and the solvent was 
evaporated to dryness. The black residue was purified by successive addition of cold 
pentane (3x50 ml) to precipitate nanoparticlesi before drying overnight under vacuum.  
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EA (ICP) data:   Ru 3.5 wt.%, Re 6.15 wt.% for core-shell type RuRe/PVP NPs. 
 
Ru 27,9 wt.%, Re 25.1 wt.% for core-shell type RuRe/PVP NPs. 
 
6.4 Surface Reactivity Studies and Catalysis 
6.4.1 Quantification of surface hydrides 
In a typical experiment a solution of freshly prepared nanoparticles was submitted 
to 5 cycles of 1 min vacuum/1 min argon in order to eliminate any dihydrogen dissolved 
in the solvent. Then, 2-norbornene was added (5 molar equiv.) and its conversion into 2-
norbornane was monitored by GC from previously filtered reaction solutions through a 
celite column. The hydrogenation of norbornene was performed at 80oC for monometallic 
Re NPs and 1 day at r.t.; 2 days at 80oC for Re-based bimetallic NPs.  
The calculation of number of surface hydrides was made by dividing the number 
of norbornane atoms that formed by estimeted number of surface atoms present in the 
NPs. 
 
Total number of surface atoms in a nanoparticle was calculated as follows:  
The total number of metal atoms (N); N = d.No.V/AW, where  
No = 6.02x10
23, d = density of the metal, V = (4/3)π(D/2)3 , D is the mean 
diameter of the nanoparticles and AW = atomic weight of the corresponding metal. Then, 
the number of atoms in each shell of cluster, including the outer layer (surface), was 
calculated by applying the magic number equation (10n+2, where n is number of atom 
layers).  
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Example: The number of surface atoms was calculated for 1.2 nm mean size Re/PVP 
NPs as follows: 
 
# of atoms in each shell: 1, 12, 42 etc..  
Therefore, 2 shells around the central atom lead to a total theoretical number of 55 
atoms in the nanoparticle.  
61-55=6 atoms left to cover the surface. 
Assumption: 6 atoms can orientate between the holes of atoms present in the 
second shell; therefore all atoms occupying second and third shell will be on the surface 
(48 atoms) or 6 atoms may orient on the surface atoms and block them. In this case only 
42 atoms will be present on the surface. Then, the average number of surface atoms is: 
 
Finally, the percentage of surface atoms in a 1.2 nm nanoparticle is calculated as: 
 
6.4.2 Surface reactivity studies with CO, H2 and O2 
The reaction of CO, O2 and H2 with Re-based NPs was performed in solid state in 
different reaction conditions as given in the corresponding sections of this dissertation. 
These reactions were followed by FT-IR, NMR, WAXS and/or TEM techniques 
(see Chapters III and IV). 
6.4.3 Hydrogenation of N-Methylpyrrolidone 
The hydrogenation of N-Methylpyrrolidone was performed by Dr. Jacorien 
Coetzee in Prof. David Cole-Hamilton’s laboratory at the University of St. Andrews, 
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Scotland. In a typical experiment RuRe/PVP (80 mg, 0.05 mmol metal) or RuRe/HDA 
(14 mg, 0.05 mmol metal) NPs were introduced into a HastelloyTM 250 ml autoclave 
under inert conditions in a glovebox. The autoclave was then sealed and further purged 
via three vacuum-N2 cycles using standard Schlenk-line techniques. 1-methylpyrrolidin-
2-one (2.5 mmol) was then added to the autoclave via an injection port under a flow of 
N2. The autoclave was then sealed, pressure tested with H2 (50 bar) and purged with 4 x 
10 bar of H2 before pressurizing to 30 bar with H2. The autoclave was then heated at 
140°C for 20 h after which the heating source was removed and the autoclave cooled 
rapidly to r.t. by immersion in a cold water bath. The pressure in the autoclave was 
released by venting to the atmosphere in a well-ventilated fumehood. The dark brown 
product mixture was filtered through a short plug of celite prior to analysis by GC-MS 
and GC-FID.   
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INTRODUCTION GENERALE 
Au cours des deux dernières décennies, l’essor des nanotechnologies a permis la 
synthèse, la caractérisation et l'exploration de nouveaux matériaux nanostructurés3,4,7,14 A 
mi-chemin entre matériaux et molécules organiques, les nanoparticules métalliques de 
taille allant de 1 à 100 nm présentent des propriétés uniques.3,5,6 En dessous d’une 
certaine taille, dite taille critique, elles ne présentent plus les propriétés du massif : on 
parle d’effet nano. Les nanoparticules métalliques ont de nombreuses applications 
potentielles,7,21 comme la catalyse, l’optoélectronique, la conductivité, les capteurs ou le 
secteur biomedical.4,22–24 La catalyse est la clé pour le développement de produits 
chimiques comme les médicaments à partir de  matières premières. Dans la catalyse 
moderne, la nanocatalyse est reconnue comme une discipline à part entière car des 
nanoparticules de taille bien contrôlée peuvent combiner les avantages des catalyseurs 
hétérogènes et homogènes.24 
La synthèse de nanoparticules présentant un ordre chimique bien défini et 
entourées d’agents stabilisants appropriés à leur surface est une chimie complexe. Les 
nanoparticules bi-métalliques constituent une classe de nanomatériaux intéressants en 
raison de la synergie qui peut résulter de la présence des deux métaux. Pour les 
nanoparticules bimétalliques de grandes tailles (> 5 nm), le contrôle de l'ordre chimique 
dans une particule est bien décrit dans la littérature mais peu de travaux font référence à 
des objets plus petits. Parce que le contrôle de la composition est crucial pour les 
nanoparticules bi-métalliques, en particulier en catalyse, il est nécessaire de trouver des 
moyens de synthèse efficaces mais également d'avoir des outils de caractérisation afin de 
définir précisément leur ordre chimique. Dans cette préoccupation, l'approche 
organométallique8,11 qui est développée par Chaudret, Philippot et. coll. depuis plus de 20 
ans, fournit un moyen efficace pour synthétiser des nanoparticules métalliques de taille et 
de forme controllées.  
La synthèse des nanoparticules par voie organométallique consiste à décrocher les 
ligands d'un complexe organométallique dans les conditions les plus douces possibles 
(température ambiante ou au-dessous, faible pression de gaz) et avec le minimum de 
réactifs pouvant potentiellement empoisonner le catalyseur (schéma 1).8 Les complexes 
organométalliques sont décomposés en solution profitant de réactions organométalliques 
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simples comme la rupture des liaisons carbone-métal et hydrogénolyse ou le déplacement 
de ligands qui peuvent survenir dans des conditions douces de température et de pression. 
Les précurseurs idéaux sont les complexes organométalliques qui contiennent 
préférentiellement des groupes alkyles, des oléfines ou polyoléfines, capables 
d’hydrogéner pour donner un atome de métal nu ou être substitué par un groupement CO 
pour donner un complexe intermédiaire instable. 
 
 
Schéma 1 Représentation schématique de la synthèse de nanoparticules métalliques à 
partir d'un précurseur organométallique. 
 
Les avantages de l'approche organométallique pour synthétiser des nanoparticules 
métalliques se trouvent dans le contrôle précis de(s): 
i) conditions de réaction et donc de la surface des particules, à savoir: l'absence 
d'oxydation, le nombre et la nature des espèces de surface, offrant une surface 
propre déterminant les propriétés chimiques et physiques des nano-objets qui en 
résultent. 
ii) la taille des particules et la forme, afin d’obtenir un ensemble monodisperse de 
particules ayant les propriétés souhaitées. 
La dextérité nécessaire pour synthétiser et manipuler des complexes 
organométalliques peut être mentionnée. Cependant, les avantages obtenus par cette 
approche en termes de contrôle des caractéristiques des nanoparticules sont dignes de cet 
effort. 
Plus précisément, ce travail décrit la préparation de nanoparticules mono- et bi-
métalliques à base de rhénium via une approche organométallique, leur caractérisation 
ainsi que des études de réactivité de surface et des résultats préliminaires de leur 
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application en catalyse. Initialement, notre objectif était de développer des nanostructures 
bimétalliques à base de rhénium pour les utiliser dans l'hydrogénation difficile  de 
certains groupes fonctionnels comme les amides. Le rhénium est connu dans la littérature 
pour son activité catalytique et sa sélectivité dans l'hydrogénation de groupes fonctionnels 
tels que des acides carboxyliques et des amides, par la réduction de l'énergie de liaison de 
CO dans des conditions de réaction douces.12 Par conséquent, de plus en plus d'articles et 
de citations sur les systèmes bimétalliques à base de rhénium comme catalyseurs sont 
apparus au cours des 20 dernières années. 
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NANOPARTICULES BIMETALLIQUE DE RUTHENIUM ET 
RHENIUM SYNTHETISEES PAR DECOMPOSITION DU 
COMPLEXE ORGANOMETALLIQUE [Re2(CO)10] 
Le rhénium et ses composés (oxydes, sulfures) et les complexes organo-
métalliques sont largement utilisés en radiotherapie153 ainsi qu’en catalyse131 comme la 
métathèse des oléfines 154 et l’oxydation sélective.155 Récemment, des catalyseurs de 
métaux nobles modifiés avec du rhénium (Re) ont suscité un intéret croissant. Les 
catalyseurs bimétalliques à base de Re sont utilisés dans diverses réactions catalytiques 
telles que des réactions d’hydrogénolyse,156,157 d’hydrogenation158,159,160 et de type 
Fischer-Tropsch.161 Cet intérêt pour les catalyseurs bimétalliques provient de l'effet 
synergique attendu par la présence de deux métaux lequel peut théoriquement conduire à 
des améliorations en termes d'activité et de sélectivité des transformations catalytiques. 
Jusqu'à ce jour, très peu d'études centrées sur des catalyseurs bimétalliques de ruthénium 
et rhénium (RuRe) ont été rapportées dans la littérature.11-21 
Outre le faible nombre d'études, aucune d’entre elles ne décrit une approche 
systématique pour préparer des nanoalliages de RuRe de taille et tenuer en métaux 
uniformes. De plus, la plupart des précurseurs métalliques utilisés dans ces études 
contiennent des ligands chlorés ou oxygénés. Ces ligands peuvent interagir avec la 
surface des nanoparticules métalliques et causer leur contamination pouvant à terme 
affecter leurs performances catalytiques. Dans ce contexte, notre objectif était de préparer 
des catalyseurs bimétalliques de RuRe en suivant la méthode organométallique dans 
l'espoir d’obtenir un bon contrôle de la morphologie des nanoparticules et des surfaces 
métalliques propres. Pour cela, nous avons commencé l’étude  en utilisant les précurseurs 
[Ru(COD)(COT)] et [Re2(CO)10] car 1) ils sont disponibles commercialement et 2) ils 
possèdent des ligands qui peuvent être éliminés par hydrogénation ou chauffage.  
Le [Re2(CO)10] est un dérivé de Re(0) stable à température ambiante (t.a.). Sa 
décomposition nécessite des conditions de réaction forcées. Toutefois, les données de 
réduction en température programmées obtenus à partir de nombreux échantillons de 
systèmes Ru-Re bimétalliques supportés indiquent qu'il y a une interaction forte entre les 
deux métaux. Ainsi, la réduction d'espèces de Re pourrait être réalisée à plus basse 
température en raison de la présence d'hydrogène due aux espèces de Ru précédemment 
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réduites. 166,171 En conséquence, dans ce travail, les atomes de Ru résultant de la 
décomposition de [Ru(COD)(COT)], survenant facilement sous atmosphère de H2 à 
t.a.,172,173 visaient à catalyser la décomposition de [Re2(CO)10] dans des conditions de 
réaction plus douces dans le but d’obtenir des nanoparticules bimétalliques de Ru-Re. 
Cette approche a déjà été utilisée dans l'équipe pour synthétiser les nanoparticules de type 
cœur-coquille Ru-Pt/PVP89 à partir des  précurseurs [Pt(CH3)2(COD)] et 
[Ru(COD)(COT)]. Contrairement au [Ru(COD)(COT)], [Pt(CH3)2(COD)] ne se 
décompose pas sous H2 à t.a. De ce fait, le processus suit un mécanisme de nucléation 
hétérogène. Ainsi le platine se décompose sur les nanoparticules (NPs) de Ru préformées 
ce qui augmentet la vitesse de décomposition du précurseur de Pt. 
Les NPs ont été obtenues soit par co-décomposition (150oC, 3 bar H2) ou par 
décomposition en deux étapes (3 bar H2, 18h t.a., 30h 150
oC) des précurseurs 
[Ru(COD)(COT)] et [Re2(CO)10] dans l'anisole en présence de polyvinylpyrrolidone 
(PVP;. totale 10% en masse) ou d'hexadécylamine (HDA;. 1 molaire équivalent) utilisés 
comme agents stabilisants. Les NPs obtenues ont été caractérisées par des techniques 
complémentaires telles que MET, MET-HR, METS-HAADF, EDX, WAXS, EXAFS, 
FT-IR, ATR-IR, RMN, SM et AE. L'activité catalytique des nanoparticules a été 
préliminairement évaluée en'hydrogénation de la N-Methylpyrrolidone en collaboration 
avec le groupe du professeur David Cole-Hamilton, à St. Andrews, en Écosse. 
Dans tous les cas, la couleur du mélange de réaction changeait progressivement du 
jaune au brun clair pour aboutir finalement à une solution colloïdale stable marron foncé. 
Après évaporation du solvant et purification du solide par lavage au pentane, les NPs de 
RuRe stabilisées par la PVP (RuRe/PVP NPs) ont été obtenues sous forme de poudre 
brune, tandis que celles stabilisées par la HDA (RuRe/HDA NPs) ont été isolées pour 
donner un solide noir et gluant. 
La composition de la phase gazeuse résultant du mélange réactionnel a été 
analysée par spectroscopie de masse (SM). Les résultats ont confirmé la présence de H2 et 
de CO, mais aussi celle d’hydrocarbures légers (CH4, C3H8 et H2O) qui pourraient 
résulter d'une réaction de type Fischer-Tropsch. En effet, il a été montré dans la 
littérature162,12 que le Re peut activer les molécules de CO. En présence d'un catalyseur 
d'hydrogénation comme le ruthénium, on peut alors envisager la réduction de CO en 
hydrocarbures ou alcools. 
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Selon la microscopie (MET, MET-HR, METS-HAADF) et diffusion des Rayons 
X (WAXS), nous avons pu montrer que la taille, l'ordre atomique, la cristallinité (hcp) et 
la monodispersité des NPs augmentaient de l'ordre de RuRe/PVP NPs (cc. 1.5(0.4) nm 
taille moyenne) < RuRe/HDA NPs synthétisés dans un pot (RuRe/HDA-1, cc. 2.0(0.3) 
nm) < RuRe/HDA NPs synthétisé en deux étapes (RuRe/HDA-2 NPs, cc. 3,5 (0,4) nm). 
Des expériences de contrôle avec les précurseurs ont également été réalisées. Elles 
ont montré que (dans les conditions réactionnelles normales) [Re2(CO)10] est incapable de 
former des NPs individuelles. En effet, sous atmosphère d'hydrogène, à 150°C, 
[Re2(CO)10] se transforme en un autre précurseur organométallique, [Re3(μ-H)3(CO)12], 
dont la décomposition nécessite des conditions de réaction plus dures. Au contraire, 
[Ru(COD)(COT)] est facilement décomposé à température ambiante dans le THF et 
conduit à des NPs de Ru cristallines (1,1 nm) en présence de PVP. Toutefois, le 
changement du solvant THF par l’anisole provoque sous atmosphère de H2 la formation 
d'un nouveau complexe moléculaire, [Ru(anisole)(COD)],en raison du déplacement du 
ligand COT après hydrogénation. Ce complexe intermédiaire est plus stable que 
[Ru(COD)(COT)] et nécessite des conditions de réaction plus dures, induisant la 
formation d’un mélange de nanoparticules individuelles et de gros objets. A 150°C et 
sous 3 bar d’H2, l'hydrogénolyse de [Ru(COD)(COT)] dans l'anisole se déroule sans 
problème et des NPs de Ru monocristallines de structure cc. de taille moyenne environ 
égale à 2.4 nm sont formées en présence de PVP. Ces NPs de Ru/PVP plus grosses 
pourraient être intéressantes afin d'étudier l'influence de la taille moyenne des 
nanoparticules dans une réaction de catalyse donnée tout en maintenant le même 
environnement chimique. Ces résultats montrent qu'en variant la nature du précurseur 
métallique, on peut orienter la croissance de nanoparticules. En comparaison, les NPs de 
RuRe/PVP obtenues à partir du mélange de [Re2(CO)10] et de [Ru(COD)(COT)] sont plus 
petites que les NPs monométalliques de Ru dans les mêmes conditions de réaction. Une 
meilleure dispersion de Ru en présence de Re a déjà été évoquée dans certains 
travaux.166,127,171 
L’analyse EDX des NPs bimétalliques RuRe a révélé la présence d'une faible 
quantité de Re dans les nanoparticules (jusqu'à 19 en masse.%). En revanche, l'analyse 
élémentaire des échantillons a mis en évidence un rapport molaire entre les deux métaux 
  
250 
RESUME DE LA THESE 
de 1:1. Selon la cartographie EDX, ATR-IR et les résultats d’absorption des rayons X 
(EXAFS), des espèces moléculaires de Re subsisteraient dans tous les échantillons. 
Les données WAXS montrent que les NPs sont bien cristallines, et les données 
EXAFS nous permettent de clarifier la nature de la liaison RuRe des NPs. Selon les 
résultats d’EXAFS, nous pouvons conclure que les NPs de RuRe/PVP et RuRe/HDA-1 
exhibent une nature de type alliage tandis les NPs de RuRe/HDA-2 présentent une 
structure cœur-coquille. Puisque le rapport atomique des NPs RuRe/HDA-2 ne satisfait 
pas une couverture complète des cœurs de Ru par une coque de Re, il a été émis comme 
hypothèse qu’il s’agit de Ru NPs décorées avec des atomes de Re (jusqu'à 19% en 
masse). 
 
Activités Catalytiques Préliminaires des NPs Bimétalliques de RuRe sur la Réaction 
d'hydrogénation de la N-Méthylpyrrolidone 
Des tests catalytiques préliminaires ont été réalisés avec les NPs de RuRe vis-à-vis 
de l’hydrogénation de la N-méthylpyrrolidone. Les amines sont des composés organiques 
de grande valeur ajoutée utilisés dans différents domaines tels que les colorants, les 
matières plastiques, les détergents et l'industrie pharmaceutique.104 leur production à 
partir des amides correspondantes sous atmosphère de H2 est respectueuse de 
l'environnement, l'eau étant le seul sous-produit. Cependant, la réaction est très difficile 
car les amides sont thermodynamiquement très stables. Le rhénium est connu dans la 
littérature pour induire une contribution positive en terme d'activité catalytique et de 
sélectivité pour l'hydrogénation de groupes fonctionnels complexes, tels que les acides 
carboxyliques et les amides, en réduisant l'énergie de liaison de CO-métal, en particulier 
avec un métal d'hydrogénation comme Ru ou Pt, dans des conditions de réaction 
douces.12 Dans le cadre du projet Synflow, nous avions l'intention de créer et de préparer 
des catalyseurs bimétalliques à base de Re pour l'hydrogénation des amides. 
Les tests ont été réalisés par Dr. Jacorien Coetzee dans le laboratoire du Professeur 
David Cole-Hamilton à l'Université de St. Andrews, en Écosse. Le tableau 1 résume les 
conditions de réaction observées et les activités catalytiques pour les NPs de RuRe. 
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Tableau 1 Résultats des tests catalytiques préliminaires obtenus avec les NPs deRuRe dans l'hydrogénation 
de la N-Methylpyrrolidone. 
Catalyseur Substrat Conditions 
Le temps 
de 
réaction 
Conversion Sélectivité 
RuRe/PVP 
NPs 
N-Methylpyrrolidinone 
 
140oC, 
 30 bar H2,  
 dans  
l’hexane 
 
 
20 h 
 
4,7 % 100 % 
RuRe/HDA-1 
NPs 
29,6 % 100 % 
RuRe/HDA-2 
NPs 
12 % 100 % 
[substrat]/[métal] = 50; 0.05 mmol catalyseur, 2.5 mmol substrat 
 
Les résultats d’hydrogénation catalytique de la N-Methylpyrrolidone réalisée avec 
trois types de NPs de RuRe  montrent que l'activité catalytique augmente dans l'ordre 
RuRe/PVP < RuRe/HDA-2 < RuRe/HDA-1 NPs tandis que la sélectivité est totale dans 
tous les cas. La meilleure activité catalytique (30% de conversion) observée avec des NPs 
d'alliage RuRe/HDA-1 pourrait être expliquée par un effet synergique des deux métaux 
qui sont bien dispersés dans les NPs, un effet électronique du ligand et des sites actifs 
plus accessibles par rapport à des NPs de RuRe/PVP stériquement plus encombrées. Les 
faibles taux de conversion obtenus peuvent être dûs à la présence de seulement quelques 
atomes de Re dans les NPs ce qui diminuerait l'effet de synergie ou bien à la présence de 
complexes du rhénium carbonyle non décomposés ou autres produits secondaires (H2O, 
CO) formés lors de la décomposition de [Re2(CO)10] sous atmosphère de H2, qui 
contaminent la surface des nanoparticules. 
En résumé, malgré de nombreuses tentatives dans ces synthèses, la décomposition 
totale de [Re2(CO)10] n’a pu être atteinte et le précurseur [Re2(CO)10] qui n’a pas réagi 
n’a pu être totalement séparé des NPs après purification. En raison des difficultés 
rencontrées avec le complexe [Re2(CO)10] comme source de rhénium et l'observation des 
faibles activités catalytiques obtenues, un autre précurseur de rhénium a été étudié, à 
savoir le dirhéniumtetraally(II), [Re2(C3H5)4]. 
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PUR RHENIUM NANOPARTICULES A PARTIR DE 
[Re2(C3H5)4] PRECURSEUR  
Compte tenu des difficultés rencontrées pour la décomposition du précurseur 
[Re2(CO)10], l’impossibilité d’éliminer ce dernier n’ayant pas réagi en fin de réaction, la 
difficulté de contrôler la composition des nanoparticules bimétalliques résultantes et leur 
caractérisation, la recherche d’un nouveau précurseur pouvant conduire à des 
nanoparticules de taille contrôlée avec une surface propre dans des conditions 
réactionnelles douces, est apparue primordiale. La littérature contient des exemples très 
limités en termes de synthèse et de caractérisation des nanoparticules de rhénium (Re 
NPs). A notre connaissance, le premier exemple de Re NPs a été décrit en 1939 par 
Zenghelis et Stathis199 avec la synthèse des sols de rhénium à haut degré d’oxydation, et 
revisitée par Mucalo et Bullen200 en 2001. Après eux, plusieurs méthodes de synthèse ont 
été essayées pour préparer des NPs de Re comme la réduction chimique dans l’eau,201,202 
l'imprégnation suivie d'une calcination sous gaz H2,
204,205,206 le rayonnement, 202,208,209 la 
décomposition thermique,210 la démixtion thermolytique à l'état solide211 et la réduction 
d'alcool assistée.212,213 Cependant la plupart de ces travaux présentent des points faibles 
tels que des protocoles de synthèse difficiles, des NPs polydisperses / ou un état 
d'oxydation des particules résultant mal caractérisé. Ainsi, la synthèse de NPs de Re 
dispersées uniformément et bien définies reste encore comme un défi. 
La synthèse de [Re2(C3H5)4] a été rapportée par Wilkinson et ses collègues dans 
les années 70.13 Les NPs ont été préparées par la réaction du pentachlorure de rhénium 
(ReCl5) avec cinq moles de chlorure d'allylmagnésium (C3H5MgCl) dans de l'éther 
diéthylique sous atmosphère inerte (azote). Le complexe [Re2(C3H5)4] a pu être isolé sous 
forme de cristaux de couleur orange à partir de la solution de couleur jaune-brun 
résultante. Le complexe [Re2(C3H5)4] est soluble dans la plupart des solvants organiques, 
mais très sensible en solution. Il se décompose lentement àl'air. Sa réactivité avec de 
petites molécules a été étudiée par Messerle et coll.218 Il a été trouvé que [Re2(C3H5)4] 
réagit avec de nombreuses petites molécules comme CO, CO2, H2, les alcènes, les 
alcynes, les carbodiimides et hexahydropyrimidopyrimidine réactifs dans des conditions 
douces. Par exemple, il a été rapporté que la carbonylation de [Re2(C3H5)4] génère  la 
formation de [Re2(CO)10] tandis que l’hydrogénation génère la formation de Re 
métallique. Le dernier résultat nous a encouragés à utiliser le complexe [Re2(C3H5)4] 
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comme un précurseur pour produire des nanoparticules Re utilisant H2 comme agent 
réducteur pour libérer des atomes Re. 
Ce travail a nécessité d'abord un réexamen de la synthèse du complexe 
dirhenium(II)tétraallylique décrit par Mertis et Wilkinson.13 Ensuite, en tirant avantage de 
ce complexe organométallique maintenant facilement disponible et réactif, qui peut être 
décomposé dans des conditions douces de la chimie en solution (3 bar H2 dans l'anisole à 
120oC), pour la première fois dans le groupe et dans la litérature219, nous avons pu 
préparer de très petites nanoparticules de rhénium stabilisés soit par un polymère 
(polyvinylpyrrolidone; PVP) ou un ligand (hexadécylamine; HDA). L'effet des 
paramètres de réaction comme le temps, la température et le ratio de stabilisant par 
rapport au métal sur la morphologie des Re NPs a été étudié. La structure et la 
composition de ces nouvelles nanoparticules de rhénium ont été déterminées en utilisant 
des techniques complémentaires (MET, METS-HAADF, WAXS, FT-IR, MAS-RMN). 
Des études de réactivité de surface sur la base de la quantification des hydrures de 
surface, des réactions d'adsorption et d'oxydation de CO ont également été réalisées. Les 
propriétés de surface des NPs de Re ont été comparées à celles des NPs de Ru car le Re a 
une structure hcp similaire à celle du Ru, considérablement étudié dans l'équipe. 
Au cours de la réaction, la couleur du mélange réactionnel passe progressivement 
de orange clair à brun clair et finalement à une solution colloidale stable de couleur brun 
foncé. Après évaporation du solvant et purification par lavage au pentane, les NPs de Re 
stabilisées par la PVP (Re / PVP NPs, 10 masse % Re en PVP) ont été isolées sous forme 
de poudre fine brune foncée. En revanche, les nanoparticules de rhénium stabilisées par la 
HDA (Re / HDA NPs, 1 molaire équiv HDA) ont pu être isolées comme un solide collant 
de couleur brun foncé. Ce caractère collant résulte probablement de la présence d'amines 
à longue chaîne alkyle à la surface des NPs. Un comportement similaire a déjà été 
observé avec d'autres métaux comme le Ru, Pd et Pt75–77,172,176 stabilisées par la même 
amine. 
Les études MET et WAXS montrent que les NPs de Re sont monodisperses 
(environ 1 à 1,2 nm), de forme sphérique et adoptent une structure hcp. 
Des  modifications légères des paramètres de réaction (température, le temps et 
[stabilisant]/[Metal] ratio) n'ont pas induit de changements importants dans la taille et la 
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forme du NPs obtenues comme on peut le voir dans le tableau résumant les 
caractéristiques des NPs (Tableau 2). 
 
Tableau 2 Résumé des caractéristiques des NPs de Re préparées dans différentes conditions de réaction. 
Type de NPs 
Conditions de 
réaction 
[Stabilisateur]/[Métal] 
Ratio 
Taille Observations Morphologie 
Re/PVP  
3 bar H2, 120oC,  
2 days, anisole 
 
10 % Re en masse 1.2(0.3) nm 
Poudre fine brun 
foncé  
Monodisperse 
structure sphérique 
hcp cristalline 
Re/HDA  1 ratio molaire 1.0(0.3) nm 
Solide Collant 
brun foncé 
Re/PVP  5 % Re en masse 1.0(0.3) nm 
Poudre fine brun 
foncé 
Monodisperse 
structure sphérique  
Re/HDA  0.5 molar ratio 1.3(0.3) nm 
Collant solide 
brun foncé 
NPs sphériques et 
allongées 
Re/PVP  
3 bar H2, 120oC, 
4 days, anisole 
 
10 % Re en masse 1.1(0.2) nm 
Poudre fine brun 
foncé 
Monodisperse 
structure sphérique  
Re/HDA  1 molar ratio 1.2(0.3) nm 
Collant solide 
brun foncé 
Re/PVP  
3 bar H2, 100oC,  
3 days, anisole 
10 % Re en masse 1.3(0.3) nm 
Poudre fine brun 
foncé Réaction lente 
structure 
monodisperses  
sphérique NPs 
hcp cystalline 
Re/HDA  1 molar ratio 1.0(0.2) nm 
Collant solide 
brun foncé 
 
Les propriétés de surface de ces NPs de Re ont été étudiées par WAXS, IR et 
RMN. Il est apparu que ces Re NPs etaient couvertes d’hydrures de surface fortement 
coordonnés en accord avec la chimie correspondante du complexe moléculaire rhénium, 
mais en opposition à Ru NPs. 
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Comme prévu, la PVP conduit à un mode de stabilisation stérique, avec des 
hydrures présents à la surface. Il a été montré que HDA était un ligand faiblement 
coordonné et mobile sur la surface des NPs et partiellement transformée en un dérivé de 
l'urée par exposition au CO comme déjà observée avec les systèmes Pt et Au étudiés au 
sein du groupe. Ce changement structurel rend les nanoparticules plus rigides tel 
qu'observé par RMN mais aussi visuellement (poudre collante se transforme en une 
poudre fine). 
Pour les deux échantillons de NPs Re/HDA et Re/PVP, le CO se lie de préférence 
dans le mode de coordination pontant à t.a., mais les coordinations de CO en mode de 
pontage et terminal sont été observée à 90° C. Cela montre que l'énergie est nécessaire 
pour déplacer les hydrures et coordonner plus de molécules de CO. Les études de 
réactivité sur les NPs de Re CO-modifiées avec H2 et O2, témoignent de la forte 
coordination du CO mais montrent la possibilité de supplanter en premier le CO terminal 
et finalement CO terminal et pontant sous conditions oxydantes. 
La réaction des NPs avec O2 est lente et conduit à une oxydation partielle 
conduisant à une diminution de la taille du noyau métallique et à la formation d'une 
coquille d'oxyde amorphe. 
En résumé, cette étude a conduit à une nouvelle voie de synthèse de 
nanoparticules de rhénium monodisperses ainsi qu’à des informations sur leur chimie de 
surface qui peuvent être d'intérêt pour leur application en catalyse. En outre, ce travail 
ouvre une nouvelle approche pour la conception de systèmes avancés à base de Re 
comme des nanostructures bimétalliques. La synthèse, la caractérisation et l’étude des 
propriétés des NPs bimétalliques de PtRe et RuRe en utilisant le complexe [Re2(C3H5)4] 
comme source de rhénium sont présentées dans le chapitre suivant. 
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NANOPARTICULES BIMETALLIQUE A BASE DE RHENIUM 
SYNTHETISEES PAR DECOMPOSITION DU COMPLEXE 
ORGANOMETALLIQUE [Re2(C3H5)4]  
 
Nanoparticules Bimétalliques de Ruthénium et Rhénium 
Pour la synthèse de bimétalliques RuRe, deux types de NPs étaient visées, à savoir 
alliage et cœur-coquille. Le but était d'abord de déterminer les conditions de réaction pour 
obtenir ces différentes structures et la seconde pour étudier l'influence de la composition 
et la morphologie sur leurs propriétés catalytiques. 
En ce qui concerne la synthèse de NPs RuRe de type alliage, nous avons pensé 
utiliser un précurseur organométallique de Ru ayant un taux de décomposition et un 
température de décomposition similaires à ceux du complexe [Re2(C3H5)4]. Pour atteindre 
cet objectif, le complexe [Ru(COD)(COT)] a été écarté en raison de sa décomposition très 
facile à t.a. et le complexe organométallique [Ru(Me-Allyl)2(COD)] a été choisi comme 
source de ruthénium. En effet, la première approche utilisant le complexe  [Ru(Me-
Allyl)2(COD)] comme précurseur pour préparer les NPs de Ru a confirmé que ce 
complexe est plus stable que [Ru(COD)(COT)] et exige plus d'énergie pour sa 
décomposition sous H2. Des résultats non publiés d'une étude préliminaire effectuée dans 
l'équipe ont indiqué qu'au moins une température de 80°C est nécessaire pour réduire 
facilement [Ru(Me-allyl)2(COD)] sous 3 bar de H2 et former des NPs de Ru 
monodisperses, bien que la décomposition du [Ru(COD)(COT)] se produise à t.a. Le 
complexe [Ru(Me-Allyl)2(COD)] semblait donc être le précurseur approprié pour la 
préparation de NPs bimétalliques RuRe homogènes et bien dispersées en taille . Des 
conditions de réaction plus drastiques sont nécessaires pour la réduction du complexe de 
[Re2(C3H5)4] mais nous souhaitions poursuivre les conditions de la réaction déterminée 
pour s'assurer que les deux précurseurs pourraient être décomposés.Par conséquent, les 
synthèses de RuRe NPs en type alliage ont été réalisées en appliquant les conditions 
standards définies pour des NPs de Re pures (anisole, 120oC, 3 bars H2, 2 jours). La 
concentration totale des deux métaux et la concentration des agents stabilisants (PVP ou 
HDA) ont été fixées pour toutes les expériences afin d'assurer la cohérence. 
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Pour les NPs de RuRe de type de cœur-coquille (Ru cœur / Re coquille), 
[Ru(COD)(COT)] a été choisi comme source de Ru puisque les conditions de 
décomposition des deux complexes, [Ru(COD)(COT)] et [Re2(C3H5)4], sont très 
différentes; [Ru(COD)(COT)] réagit avec H2 très facilement à t.a. tandis que [Re2(C3H5)4] 
nécessite des conditions plus drastiques. Par conséquent, la décomposition séquentielle de 
ces deux complexes devrait entraîner un arrangement différent d'atomes métalliques dans 
les nanoparticules. Les NPs RuRe de type de cœur-coquille ont été préparées selon la 
procédure en deux-étapes. En premier lieu, le complexe  [Ru(COD)(COT)] a été 
décomposé sous atmosphère H2 à t.a. pour former de petits noyaux de Ru. Puis 
l'hydrogénation du [Re2(C3H5)4] s'est déroulée en présence des noyaux précédemment 
formés de Ru qui agissent aussi probablement comme un catalyseur. En effet, en suivant 
la procédure en deux étapes par spectroscopie RMN, nous avons remarqué qu'en présence 
de noyaux de Ru, [Re2(C3H5)4] a été totalement décomposé sous H2 à 60
oC à la place de 
120oC lorsque le complexe est seul. 
Les nanoparticules de RuRe sont stables en solution et monodisperses (cc. 1,3(0,4) 
et 1,2(0,3) nm pour l'alliage et RuRe/PVP NPs en type de cœur-coquille respectivement), 
de structure cristalline hcp . Lorsque HDA a été utilisée comme agent stabilisant, tout en 
gardant les autres paramètres constants, les NPs d’alliage RuRe sont très instables en 
solution conduisant à leur évolution. Une coalescence des NPs de RuRe/HDA a été 
observée en microscopie électronique conduisant à des objets plus grops de formes 
irrégulières. Néanmoins, les analyses EDX confirment la présence des deux métaux (Ru 
et Re) au sein des nanoparticules. En dépit de leur caractère instable, les nanoparticules 
bimétalliques stabilisées par HDA peuvent être d'intérêt en catalyse étant donné que des 
nanoparticules de différentes tailles et formes obtenus pourraient être explorées pour 
orienter l'activité catalytique et sélectivité. 
La détermination de la composition chimique des NPs a été déterminée à l'aide 
d'une combinaison de techniques de caractérisation complémentaires (MET, MET-HR, 
METS-HAADF, EDX, WAXS, FT-IR, RMN et AE) associée à des études de réactivité 
de surface basées sur les réactions d'adsorption et d'oxydation CO. 
Les techniques d'analyse et études de réactivité de surface prouvent la formation 
de NPs de type alliage lors de la réaction des complexes de [Ru(Me-Allyl)2(COD)] et de 
[Re2(C3H5)4] avec H2 à 120
oC en présence de PVP dans l'anisole. On a observé que la 
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dissociation du CO sur la surface de ces NPs est plus facile qu'avec les NPs 
monométalliques Re/PVP, en raison de l'effet de synergie des deux métaux. La 
dissociation a été observée immédiatement après chauffage des NPs bimétalliques alors 
qu’une période d'induction était nécessaire avec les NPs pures de Re. Ce résultat est très 
important en termes de transformations catalytiques des groupes CO. En outre, les NPs 
RuRe/PVP de type alliage sont très résistantes à l'oxydation probablement du fait de la 
présence de Re dispersé dans les NPs. Conformement aux observations précédentes avec 
des NPs Re/PVP, l'oxydation des Nps RuRe/PVP de type alliage a conduit à une structure  
avec un cœur métal(0) et une coquille d’oxyde sans changement de la taille et la forme. 
En ce qui concerne les NPs de  RuRe/PVP de type cœur-coquille, nous nous 
attendions à avoir une structure de  type "atomes de Ru au cœur et atomes de Re en 
coquille". En raison de la petite taille de ces NPs (1,2 nm) où 78 % des atomes sont à la 
surface et l'introduction du rapport molaire de 1:1 des métaux pour la synthèse, la 
couverture complète des NPs de Ru préformées avec les atomes de Re ne pouvait pas être 
atteinte. Les NPs de Ru pourraient seulement être décorées avec quelques atomes de Re 
sur leur surface. Les données RMN et FT-IR obtenues pour ces NPs ont révélé des 
différences significatives par rapport à l'alliage. Selon des études de réactivité de surface, 
les deux métaux sont accessibles en surface. Cependant, l'observation de CO pontant sur 
les atomes de Re et leur immobilité sur la surface prouve la présence d’atomes de Re en 
surface où deux ou plusieurs atomes de Re sont en contact étroit. Ces résultats confirment 
une surface enrichie en atomes de Re. Au contraire, pour les NPs de type alliage, la 
dissociation du CO n’a pu être observée et ces NPs ne sont ne pas résistantes à 
l’oxydation. 
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Nanoparticules Bimétalliques de Platinum et Rhénium 
Les Alliages de platine-rhénium (PtRe) supportés ont été largement utilisés 
comme catalyseurs dans l'industrie, car ils sont très actifs en reformage pour produire de 
l'essence à indice d'octane élevé. En raison de la stabilité, la réactivité et la sélectivité des 
alliages PtRe, de nombreux travaux ont porté sur la préparation de systèmes bimétalliques 
supportés sur carbone ou des oxyde pour être utilisés en tant que catalyseurs.  
Les catalyseurs bimétalliques de PtRe sont habituellement préparés par 
imprégnation d'un support oxyde (TiO2, Al2O3, CeO2, ZrO2 etc.) avec une solution 
aqueuse de sels métalliques, suivie par la calcination et réduction sous H2.
264 Une autre 
approche consiste à utiliser des clusters bimétalliques comme précurseurs. Par exemple, 
PtRe/Al2O3 est obtenu à partir de [PtRe2(CO)12] traité sous pression de H2 à 400
oC en 
présence de γ-Al2O3.
265 Cette méthode est avantageuse pour préserver la liaison Pt-Re et 
interactions bimétalliques dans la forme définitive du catalyseur. 
Des catalyseurs PtRe ont été appliqués dans diverses réactions catalytiques telles 
que hydrogénation,12,266 déhydrogénation,266 hydrogénolyse,267–270 réforme,271–275 clivage 
de la liaison C-C276 et les réactions de conversion de l'eau-gaz.277–280 Dans la plupart des 
cas, l'ajout de rhénium au platine a entraîné de meilleures stabilité et activité catalytique. 
Il est supposé que le Re limite l'agglomération du Pt, augmentant ainsi la stabilité du 
catalyseur. En effet, les principaux problèmes dans les catalyseurs Pt supportés sont le 
leaching et la désactivation causés par la formation de coke.281 
A notre connaissance, il n'y a pas à ce jour d'approche systématique pour la 
synthèse et la caractérisation de NPs bimétalliques PtRe bien que certains 
articles269,270,272,284 mentionnent la formation de nanoparticules au cours de réactions 
catalytiques. En outre, les protocoles décrits impliquent des conditions de réaction sévères 
(hautes pressions et hautes températures). Par conséquent, notre travail a été étendu à la 
synthèse de NPs bimétalliques PtRe . 
Des nanoparticules de platine-rhénium bimétalliques stabilisée par PVP ont été 
préparées en utilisant le [Re2(C3H5)4] et deux précurseurs différents de Pt, à savoir 
[Pt(CH3)2(COD)] et [Pt(C7H10)3]. La modification de la source de platine conduit à des 
nanoparticules de différentes morphologies. 
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La décomposition par hydrogénation de [Pt(CH3)2(COD)] et [Re2(C3H5)4] en 
présence de PVP a conduit à des NPs polydisperses ayant des morphologies différentes. 
Toutes les analyses d’ICP, MET, EDX, WAXS prouvent la présence de la Pt et Re dans 
les nanoparticules. Toutefois, l'étendue de l'alliage n’a pu être déterminée avec ces 
techniques. En considérant les données de microscopie électronique et WAXS, une 
hypothèse peut être proposée. Les NPs ont une nature polycristalline où les arrangements 
de hcp et fcc sont observés. L’arrangement hcp a été seulement observé sur les images 
HRTEM de grosses NPs, > 4 nm, tandis que le caractère fcc a été observé sur des images 
de METS-HAADF pour des NPs plus petites, 2 à 4 nm. L’analyse WAXS indique une 
structure fcc contractée avec une longueur de cohérence de cc. 2,5 nm. L'ensemble de ces 
résultats montre un arrangement de type ségrégé avec la présence de zones riches en Pt ou 
en Re. On peut supposer que les zones riches en Re (structure hcp) affichent une plus 
grande taille (> 4 nm) comme observé par HRTEM, tandis que les zones riches en Pt 
(structure de la fcc) présentent une taille plus petite (< 4 nm) comme déterminé par les 
techniques WAXS et METS-HAADF. 
En gardant le même stabilisateur mais en remplaçant [Pt(CH3)2(COD)] par 
[Pt(C7H10)3] comme source de Pt, à t.a., des  NPs monodisperses, sphériques et 
cristallines  des NPs PtRe ont été obtenues. En raison du changement rapide de couleur 
observé au cours de la synthèse, nous pouvons proposer que la décomposition des deux 
précurseurs est facile à t.a. et résulte d'une interaction entre les deux complexes 
métalliques, [Re2(C3H5)4] et [Pt(C7H10)3]. Cela pourrait être un échange de ligand ou la 
formation d'un nouveau cluster hétéronucléaire. Des expériences RMN détaillées seraient 
nécessaires afin de comprendre le mécanisme de décomposition avec précision. En outre, 
les conditions expérimentales doivent être améliorées afin d'avoir un bon contrôle sur la 
réaction et de trouver les conditions optimales pour la synth_se de NPs PtRe 
monodisperses. Ces expériences sont en cours dans l'équipe. 
Lors de l'utilisation de la HDA comme stabilisateur pour la décomposition du 
[Re2(C3H5)4]) et [Pt(CH3)2(COD)], des NPs PtRe ont été observées très instables en 
solution. La coalescence des petites NPs a conduit à des NPs plus grosses avec des formes 
irrégulières comme observé en microscopie électronique. Des aanalyses EDX ont révélé 
la présence des deux métaux (Pt et Re) en contact étroit, attestant ainsi d’un alliage. 
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Résumé  
Par le réglage de la nature des complexes organométalliques et les conditions de 
réaction, des nanoparticules bimétalliques à base de Re affichant différentes 
morphologies ont pu être préparées. Ces NPs sont stabilisées par la PVP ou la HDA. Le 
Tableau 3 résume les principales caractéristiques de ces nanoparticules bimétalliques. 
Les NPs bimétalliques stabilisées par la HDA sont très instables et ont tendance à 
l'auto-assemblage. Au contraire, les NPs bimétalliques stabilisées par la PVP sont stables. 
La caractérisation de ces NPs a été réalisée en utilisant une combinaison de techniques 
complémentaires (MET, MET-HR, METS-HAADF, EDX WAXS, FT-IR, RMN et AE) 
associée à des études de réactivité de surface, à savoir en présence de CO et O2. Les 
réactions avec le CO ont révélé son adsorption sur le métal en surface. Les études 
d’oxydation ont conduit à des informations intéressantes sur l'état de surface des 
nanoparticules ainsi que sur la mobilité des molécules de CO. Comme information 
principale, l’activation du CO et sa dissociation se sont avérées être plus faciles avec les 
NPs d’alliage bimétallique RuRe qu'avec les NPs de Re pur. Concernant la réaction avec 
le dioxygène, les NPs d'alliage RuRe/PVP se sont avérées être plus résistantes à 
l'oxydation que les ce type cœur-coquille. Après oxydation, les NPs RuRe/PVP de type 
cœur-coquille, qui sont en fait des NPs de Ru décorées avec du Re, affichent une structure 
amorphe qui peut être dû à l'oxydation complète au cœur Ru. 
En résumé, même si des améliorations sont nécessaires pour avoir des nanoobjets 
bien définis, les résultats obtenus montrent que la méthode appliquée peut conduire à la 
préparation de nouvelles nanoparticules bimétalliques à base de Re. En suivant l'approche 
organométallique, diverses NPs RuRe ou PtRe, stabilisées par la HDA et la PVP,-
speuvent être obtenues. En outre, des informations très utiles sur la chimie de surface des 
NPs ont été collectées, telles que l'activation de CO et d'oxydation de surface, ce qui peut 
être d'un grand intérêt pour leur application en catalyse. 
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Tableau 3 Résumé des principales caractéristiques de nanoparticules bimétalliques à base de Re préparés 
dans différentes conditions de réaction.* # 
Type de 
NPs 
Les Précurseurs 
Métalliques 
Conditions 
de Réaction 
en plus de 3 
bar H2 
Taille 
Moyenne 
(nm) 
Échantillon 
purifié 
Obsérvations 
RuRe/PVP  
 
  
[Re2(C3H5)4] et 
[Ru(Me-Allyl)2(COD)] 
120oC, 2 jours, 
dans anisole 
1.3(0.4)  
Fine poudre brun 
foncé 
-Type d’alliage -
NPs 
monodisperse et 
sphériques 
- Structure 
cristalline hcp 
- Résistant à 
l'oxydation 
[Re2(C3H5)4] et 
[Ru(COD)(COT)] 
 
t.a., 3 jours, 
dans THF 
---- 
Solide noir et 
surnageant brun 
foncé 
- Pas réagi 
[Re2(C3H5)4], 
- Principalement 
la formation de 
Ru/PVP NPs 
30 min à  t.a., 
24h à 60oC, 
dans THF 
1.2(0.3) 
Fine poudre brun 
foncé 
- NPs 
monodisperse et 
sphérique en type 
de coeur-coquille 
- Structure 
crystalline hcp 
- Pas résistant à 
l'oxydation 
RuRe/HDA  
 
[Re2(C3H5)4] et  
[Ru(Me-Allyl)2(COD)] 
120oC, 2 jours, 
dans anisole 
1.0-6.0 
Solide collant 
noir 
- Les NPs de 
forme irrégulière 
et instable,  
- NPs en type 
d’alliage  
 
[Re2(C3H5)4] et  
[Ru(COD)(COT)] 
30 min à t.a., 
24h à 60oC, 
dans THF 
1.9(0.3) 
Solide collant 
noir 
- Pas réagi 
[Re2(C3H5)4] 
(~50 %) 
- RuRe/HDA 
NPs stable en 
type d’alliage 
 
PtRe/PVP  
 
[Re2(C3H5)4] et 
[Pt(CH3)2(COD)] 
120oC, 2 jours, 
dans l’anisole 
3 
distributions 
de taille: 
~1.5, 3 and 5   
Fine poudre 
noire 
NPs 
Polydisperse 
 
[Re2(C3H5)4] et 
[Pt(C7H10)3] 
t.a., 24h, 
dans THF 
1.5(0.3) 
Fine poudre 
noire 
- Type d’alliage 
monodisperse, 
- NPs spherique 
et crystalline 
 
PtRe/HDA  
[Re2(C3H5)4] et 
[Pt(CH3)2(COD)] 
120oC, 2 jours, 
dans l’anisole 
1.1-6.0 
Solide collant 
noir 
- Les NPs de 
forme irrégulière 
et instable 
- NPs en type 
d’alliage  
 
*Pour les NPs stabilisée par HDA, M/Re rapport molaire est 1, où M est Pt ou Ru. 
# Pour les NPs stabilisée par PVP, teneur en métal au totale est 10 masse % dans PVP. 
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CONCLUSION GENERALE 
Dans ce manuscrit, la synthèse, la caractérisation et une application préliminaire 
en catalyse de nanoparticules mono- et bi-métalliques à base de rhénium sont présentées. 
Le rhénium a été choisi comme un métal primaire en raison de sa contribution positive en 
termes d'activité catalytique et de sélectivité dans l'hydrogénation des groupes 
fonctionnels difficiles, en particulier lorsqu'il est associé avec le platine, tel que rapporté 
dans la littérature. Ce travail a été développé dans le cadre d'un projet du programme 
FP7-NMP2-Large (Synflow 2010-246461). Le principal objectif était de concevoir et 
préparer des nanostructures à base de Re de manière contrôlée afin de les évaluer comme 
catalyseurs dans l'hydrogénation des amides, en collaboration avec le groupe du Prof. D. 
Cole-Hamilton à St. Andrew, Royaume-Uni où la catalyse partie a été réalisée. 
Des nanoparticules à base de Re ont été préparées par décomposition de deux 
complexes organométalliques de rhénium différents, à savoir [Re2(CO)10] et 
[Re2(C3H5)4]. La synthèse a été effectuée en solution sous une légère pression de 
dihydrogène (3 bar) et en présence soit d'un polymère (polyvinylpyrrolidone), ou un 
ligand (hexadécylamine) comme agents stabilisants. La caractérisation précise des 
nanoparticules ainsi obtenues a été réalisée en utilisant une combinaison de l'état de l'art 
des techniques de (WAXS, EXAFS, XPS, MET, MET-HR, METS-EDX, METS-
HAADF, AE). Des études de réactivité de surface ont également été effectuées par des 
techniques spectroscopiques (RMN, FT-IR) pour déterminer (norbornène réactions 
d'hydrogénation, d'oxydation et de CO adsorption) leur état de surface et mieux 
appréhender leur intérêt pour la catalyse. 
L'originalité de ce travail réside dans le développement d'une approche 
systématique pour la préparation de nanoparticules à base de rhénium. Il a été 
particulièrement difficile étant donné que seulement quelques exemples de ces systèmes 
sont décrits dans la littérature. En outre, les systèmes connus sont le plus souvent mal 
contrôlés en termes de taille, composition et stabilité. La synthèse de nanoparticules 
mono- et bi-métalliques à base de Re a été atteinte, pour la première fois dans l'équipe et 
dans la littérature, en appliquant l'approche organométallique développée dans le groupe 
pour d'autres systèmes métalliques. Cette méthode est bien connue comme un moyen 
efficace d'obtenir des nanostructures bien contrôlées et permet de tirer profit des 
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propriétés de surface des nano-objets obtenus pour diverses applications, notamment en 
catalyse. En regardant les résultats obtenus au cours de ce travail dédié à la synthèse de 
systèmes Re-M mono- et bi-métalliques (M = Ru ou Pt) il apparaît clairement que la 
synthèse de nanoparticules de façon systématique est d'une grande importance pour 
comprendre les paramètres clés pour l’obtention de systèmes bien définis. Il a fallu du 
temps pour trouver un précurseur du rhénium facile à décomposer, mais les résultats 
obtenus, même si des améliorations sont encore nécessaires, sont très encourageants et 
ouvrent la voie à la formation de nouveaux catalyseurs à base de rhénium. En plus 
d'explorer davantage les conditions nécessaires pour la formation de nanostructures bien 
définies demanière reproductible et quantitative, en changeant notamment la nature du 
stabilisateur, une autre perspective de ce travail peut être leur évaluation en catalyse afin 
de comparer leurs propriétés catalytiques à celles d'autres catalyseurs connus. 
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APPENDIX 
A1. Phase Diagrams 
 
Figure A1. Binary phase diagram of Ru-Re294 
 
Figure A2. Binary phase diagram of Pt-Re295,296 
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A2. Lattice Parameters 
 
Rhenium297 
Space group: P63/mmc 
Space group number: 194 
Structure: hcp (hexagonal close-packed) 
Cell parameters: 
a: 276.1 pm 
b: 276.1 pm 
c: 445.6 pm 
α: 90.000° 
β: 90.000° 
γ: 120.000° 
 
Ruthenium298 
Space group: P63/mmc 
Space group number: 194 
Structure: hcp (hexagonal close-packed) 
Cell parameters: 
a: 270.59 pm 
b: 270.59 pm 
c: 428.15 pm 
α: 90.000° 
β: 90.000° 
γ: 120.000° 
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Platinum299 
Space group: Fm-3m 
Space group number: 225 
Structure: ccp (cubic close-packed) 
Cell parameters: 
a: 392.42 pm 
b: 392.42 pm 
c: 392.42 pm 
α: 90.000° 
β: 90.000° 
γ: 90.000° 
 
Ruthenium-Rhenium300 
Alloy Structure a (Å) c (Å) 
Atomic 
volume (Å3) 
Ru0.67Re0.33 hcp 2.724 4.329 13.91 
Ru0.50Re0.50 hcp 2.738 4.355 14.14 
Ru0.46Re0.54 hcp 2.737 4.361 14.15 
Ru0.33Re0.67 hcp 2.745 4.389 14.33 
Ru0.25Re0.75 hcp 2.756 4.414 14.52 
Ru0.10Re0.90 hcp 2.753 4.432 14.55 
 
 
Platinum-Rhenium301 
Alloy 
Group 
Number 
Structure a (Å) c (Å) 
Atomic 
volume (Å3) 
Pt0.10Re0.90 7.30 hcp 2.7637 4.4516 14.733 
Pt0.20Re0.80 7.60 hcp 2.7650 4.4488 14.738 
Pt0.30Re0.70 7.90 hcp 2.7691 4.4433 14.763 
Pt0.40Re0.60 8.20 hcp 2.7677 4.4181 14.644 
Pt0.70Re0.30 9.10 fcc 3.9016 --- 14.848 
Pt0.85Re0.15 9.55 fcc 3.9100 --- 14.944 
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Tuğçe AYVALI 
Rhenium Based Mono- and Bi-Metallic Nanoparticles: Synthesis, Characterization and Application in 
Catalysis 
Under the supervisions of Dr. Karine Philippot and Dr. Bruno Chaudret 
 
ABSTRACT 
In this PhD thesis, the synthesis, characterization and preliminary catalytic application of rhenium 
based mono- and bi-metallic nanoparticles are reported. Rhenium has been chosen as a primary metal given 
the knowledge of its positive contribution in terms of catalytic activity and selectivity in the hydrogenation 
of difficult functional groups.  
Mono-metallic rhenium nanoparticles were prepared by decomposition of [Re2(C3H5)4]. Rhenium-
based bimetallic nanoparticles were synthesized by co-decompositions or two-step decomposition of two 
different rhenium complexes, namely [Re2(CO)10] and [Re2(C3H5)4], with other organometallic complexes 
such as [Ru(COD)(COT)], [Ru(Me-Allyl)2(COD)], [Pt(CH3)2(COD)] and [Pt(C7H10)3]. By tuning the nature 
of organometallic complexes and the reaction conditions, rhenium-based bimetallic nanoparticles 
displaying different morphologies could be quantitatively prepared. The synthesis was carried out in 
solution under mild pressure of dihydrogen (3 bar) and in the presence of either a polymer 
(polyvinylpyrolidone) or a weakly coordinating ligand (hexadecylamine) as stabilizing agents.  
The precise characterization of the so-obtained nanoparticles was performed by using a 
combination of state-of-the art techniques (WAXS, EXAFS, TEM, HRTEM, STEM-EDX, STEM-HAADF, 
EA). Surface reactivity studies (norbornene hydrogenation, oxidation and CO adsorption reactions) were 
also carried out and followed by spectroscopic techniques (NMR, FT-IR) to determine their surface state 
and apprehend better their interest in catalysis. By this way, useful information could be obtained on their 
surface chemistry, as following: 1) Hydrides are present on the metallic surface and are very strongly 
coordinated to rhenium in agreement with rhenium molecular chemistry; 2) CO can substitute hydrides and 
is also strongly coordinated to the surface of Re but can react further to be substituted, oxidized or 
dissociated, where the latter is easier on alloy type Re-based bimetallic nanoparticles. 3) Oxidation of pure 
rhenium and alloy bimetallic ruthenium-rhenium nanoparticles display a zero state core and an oxide shell 
while core-shell type bimetallic nanoparticles result in amorphous structure. 
The originality of this work lies on the development of a systematic approach for the preparation of 
rhenium-based nanoparticles for the first time in the team and in the literature, by applying the 
organometallic approach largely experienced in the group for other metal systems. This method is well-
known as an efficient way to obtain well-controlled nanostructures with clean surfaces, important mainly in 
catalysis. 
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Nanoparticules Mono- et Bi-Métalliques à Base de Rhénium: Synthèse, Caractérisation et Application en 
Catalyse 
 
Sous la direction de Dr. Karine Philippot et Dr. Bruno Chaudret 
 
RÉSUMÉ 
Dans cette thèse, la synthèse, la caractérisation et les applications catalytiques préliminaires des 
nanoparticules mono- et bi-métalliques à base de rhénium sont présentées. Le Rhénium a été choisi compte 
tenu de la connaissance de sa contribution positive en termes d'activité catalytique et la sélectivité lors de 
l'hydrogénation des groupes fonctionnels difficiles. 
Les nanoparticules mono-métalliques de rhénium ont été préparées par décomposition du 
précurseur [Re2(C3H5)4]. Les nanoparticules bimétalliques ont été synthétisés par les co-décompositions ou 
deux étapes décomposition de deux complexes différents de rhénium, à savoir [Re2(CO)10] et [Re2(C3H5)4] 
avec d'autres complexes organométalliques tels que [Ru(COD)(COT)], [Ru(Me-allyl)2(COD)], 
[Pt(CH3)2(COD)] et [Pt(C7H10)3]. En choisissant la nature des complexes organométalliques et les 
conditions de réaction, des nanoparticules bi-métalliques à base de rhénium présentant des morphologies 
différentes peuvent être préparées quantitativement. La synthèse a été effectuée en solution sous pression de 
dihydrogène (3 bars) et en présence soit d'une polymère (polyvinylpyrrolidone), ou un ligand faiblement 
coordinant (hexadécylamine) comme des agents stabilisant. 
La caractérisation précise des nanoparticules ainsi obtenues a été réalisée en utilisant une 
combinaison de l'état de l'art des techniques de (WAXS, EXAFS, MET, HR-MET, METS-EDX, METS-
HAADF, AE). Les études de réactivité de surface (réactions hydrogénation de norbornène, oxydation et 
adsorption CO) ont également été réalisées et suivies par des techniques spectroscopiques (RMN, FT-IR) 
pour déterminer leur état de surface et appréhender leur intérêt pour la catalyse. Par ce moyen, des 
informations utiles ont été obtenues sur leur chimie de surface, comme suit: 1) hydrures sont présents sur la 
surface métallique et sont très fortement coordonnés à la surface de rhénium en accord avec la chimie 
moléculaire de rhénium; 2) CO peut remplacer les hydrures et est également fortement coordonné à la 
surface, mais peut  être substitué, oxydée ou dissocié. Ces réactions sont plus faciles sur des nanoparticules 
bi-métalliques à base de Re de type alliage. 3) Les NPs de rhénium pur et les alliages bimétalliques 
nanoparticules de ruthénium et rhénium affiche un état de base zéro et une coquille d'oxyde alors que les 
nanoparticules bimétalliques de type cœur-coquille ont une structure amorphe. 
L'originalité de ce travail réside sur le développement d'une approche systématique pour la 
préparation de nanoparticules à base de rhénium pour la première fois dans l'équipe et dans la littérature, en 
appliquant l'approche organométallique largement connu dans le groupe pour d'autres systèmes métalliques. 
Cette méthode est bien connu comme un moyen efficace d'obtenir des nanostructures bien contrôlées avec 
des surfaces propres ce qui est important principalement en catalyse. 
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